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ABSTRACT 
 
 
Correlation, Paleogeography, and Provenance of the Neoproterozoic  
Eastern Uinta Mountain Group, Goslin Mountain Area,  
Northeastern Utah 
 
by 
 
 
Daniel J. Rybczynski, Master of Science 
 
Utah State University, 2009 
 
 
Major Professor:  Dr. Carol M. Dehler 
Department:  Geology 
 
 
Geologic mapping, facies analysis, sedimentary petrography, and detrital zircon 
analyses of undivided eastern Uinta Mountain Group stratigraphy are presented to better 
understand the depositional environments and tectonic setting of the Uinta Mountain 
Group basin.  Subdivided units have been modified and correlated from previous work 
and include the Red Pine Shale, Hades Pass, Crouse Canyon, Outlaw Trail, and Diamond 
Breaks formations.  Three lower-order maximum flooding surfaces associated with the 
lower Outlaw Trail formation, lower Hades Pass formation, and Red Pine Shale are 
interpreted.  The relative magnitude of each lower-order transgression increases up 
section along with increasing diversity of palynomorph assemblages found in organic 
shale intervals.   
Six facies associations exist within the section and are interpreted as braided 
fluvial conglomerate, braided fluvial sandstone and conglomerate, braided fluvial 
 iii
sandstone, low-energy braided fluvial sandstone, mudflat, and offshore depositional 
environments.  Both marine and non-marine interpretations are plausible for mudflat and 
offshore environments; however, previous interpretations of correlative Red Pine Shale 
exposures suggest a marine environment.  The coarsest fluvial environments are 
restricted to the northern half of the study area and likely coincide with proximity to a 
tectonically-active northern basin margin.  Paleocurrent analysis and the restriction of 
some subaqueous deposits to the north show northward-dipping depositional slopes, 
which suggest a tectonic control.  
Provenance work suggests three general sediment sources existed: an eastern 
source where ~1.1 Ga and lesser ~1.4 Ga detritus dominate, an east-northeastern source 
where ~1.8 Ga detritus dominate, and a north-northeastern arkosic source where ~2.7 Ga 
detritus dominate.  Results suggest that during lower-order lowstands, sediments derived 
from eastern sources dominate.  Higher concentrations of ~1.8 Ga and ~2.7 Ga detritus is 
likely coincident with proximity to the northern basin margin.  During lower-order 
highstands, eastern or northern sources may dominate; northern sources appear more 
prominently within the Outlaw Trail formation, while eastern sources appear more 
prominently within the Red Pine Shale.  Reasons for this may be linked to the magnitude 
of the transgressive interval sampled.   
These relationships, in conjunction with observations of previous studies, suggest 
the eastern Uinta Mountain Group was deposited in a half-graben style rift, a strike-slip 
basin, or some combination of the two.  
(223 pages)  
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INTRODUCTION 
 
 
The Uinta Mountain Group (UMG) contains a well exposed stratigraphic record 
of the middle Neoproterozoic Era in northeastern Utah and holds important tectonic and 
paleogeographic implications for the evolution of the North American Cordillera.  Its 
outcrop exposure stretches throughout the entire Uinta Mountains where it comprises the 
core of two elongate structural domes, forming the broad, slightly arcuate (convex to the 
north) east-trending Uinta anticline (figure 1).  This trend is interpreted to coincide with 
the trend of the UMG basin as it existed during the Neoproterozoic (Stone, 1993).   
It has been suggested that the UMG was deposited in an extensional basin related 
to the early stages of the breakup of the Neoproterozoic supercontinent Rodinia (Seeley, 
1999; Condie et al., 2001), but interpretations of the trough have differed from a passive, 
Atlantic-type margin (Harrison et al., 1974), to an aulacogen (Hansen, 1965; Sears et al., 
1982; Bruhn et al., 1983, 1986; Stone, 1993), to an intracratonic rift basin (Ball and 
Farmer, 1998; Condie et al., 2001).   
These interpretations are complemented by several detailed sedimentological 
studies throughout the mountain range; however, considerable uncertainty exists in the 
correlation between western and eastern UMG units.  In the western Uinta Mountains, 
seven UMG formations have been subdivided.  These units include the Red Pine Shale, 
Hades Pass formation, Red Castle formation, Mt. Watson Formation, Mount Aggassiz 
formation, Dead Horse Pass formation, and the Moosehorn Lake formation (Williams, 
1953; Wallace and Crittenden, 1969; Wallace, 1972; Sanderson, 1978, 1984; Dehler et 
al., 2007; Kingsbury, 2008).  In the eastern Uinta Mountains, four formations have been 
subdivided.  These units include the Crouse Canyon formation, the Outlaw Trail 
     
 
 
 
 
 
 
Figure 1. Generalized structure contour map of UMG outcrop exposure in northeastern 
Utah showing both eastern and western domes.  The east-west oriented Uinta anticline 
stretches throughout the entire range (from Hansen, 1986). 
 
 
2
     
formation, the Diamond Breaks formation, and the Jesse Ewing Canyon Formation 
(Sanderson and Wiley, 1986; De Grey, 2005; Dehler et al., 2007; Brehm, 2008; figures 2 
and 3).  In the central part of the Uinta Mountains, these western and eastern units have 
yet to be correlated with each other due to the lack of detailed mapping.  As a result, 
kilometers of exposed Uinta Mountain Group still remain undivided.   
 
Purpose of study 
 
The purpose of this study is to combine new mapping, facies analysis, and 
provenance data of eastern UMG strata with previous studies (Hansen, 1965; Sanderson 
and Wiley, 1986; De Grey, 2005; Brehm, 2007; Dehler et al., 2007) to better correlate 
western and eastern UMG units towards the development of a more detailed 
understanding of the UMG basin.  Hypotheses to be tested include: 1) the eastern UMG 
units of De Grey (2005) and Brehm (2007) can be correlated together (figure 4); 2) 
eastern UMG units can be correlated to western UMG units; 3) the eastern UMG is 
dominantly an alluvial succession consisting mostly of braided fluvial deposits showing 
strong basin-axial (westward) paleoflow; 4) fine-grained transgressive intervals record 
marine incursions into the UMG basin; and 5) sediment in the UMG trough was fed by 
two sources, an Archean source to the north and a mixed Proterozoic source to the east. 
 
Previous work 
 
 
Tectonic history of study area 
 
The Uinta Mountains overlie the ~1.8 Ga Cheyenne Belt suture, which divides the 
Archean Wyoming Crustal Province from the Proterozoic Yavapai Crustal Province 
(Stewart et al., 2001).  Starting at ~1.8 Ga, most of the southwestern United States
3
  
 
 
 
 
 Fi
gu
re
 2
. G
eo
lo
gi
c 
m
ap
 o
f 
th
e 
U
in
ta
 M
ou
nt
ai
ns
 e
m
ph
as
iz
in
g 
Pr
ec
am
br
ia
n 
un
its
.  
N
ot
e 
ho
w
 t
he
 e
as
te
rn
 U
in
ta
 M
ou
nt
ai
n 
G
ro
up
 i
s 
do
m
in
an
tly
 u
nd
iv
id
ed
; l
oc
al
 su
bd
iv
is
io
ns
 e
xi
st
 to
 th
e 
so
ut
he
as
t o
f t
he
 st
ud
y 
ar
ea
 (s
ee
 fi
gu
re
 4
). 
 S
tu
dy
 a
re
a 
ou
tli
ne
d 
in
 g
re
en
 (m
od
ifi
ed
 
fr
om
 D
eh
le
r e
t a
l.,
 2
00
7)
. 
4
     
 
 
 
 
 
 
 
 
 
 
Figure 3. Correlation chart of western and eastern UMG subdivisions prior to the work of 
this study (from Dehler et al., 2005). 
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Figure 4. Index map showing the study area in relation to 7.5’ quadrangles and previously 
mapped areas of the eastern Uinta Mountains.  Study area is outlined in green. 
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formed by Proterozoic accretion of active arcs onto the >2.5 Ga Wyoming Craton along 
the south-dipping Cheyenne Belt suture (e.g., Condie, 1982; Crosswhite and Humphreys, 
2003).  In northeastern Utah, this record of Paleoproterozoic accretion is recorded by the 
Red Creek Quartzite, a metamorphic complex that outcrops in the northeastern portion of 
the study area (for a thorough description see Swayze, 1985).  
Sears et al. (1982) interpret the Red Creek Quartzite (which rests nonconformably 
below the eastern UMG) as a Paleoproterozoic miogeoclinal sedimentary sequence 
emplaced northward by tectonic translation along a thick mylonite zone in the upper 
phases of amphibolite metamorphism (see also Hansen, 1965 and Swayze, 1985).  
Correlative strata may lie northeastward along the Cheyenne Belt suture in the Medicine 
Bow Mountains, where Paleoproterozoic rocks share a similar metamorphic grade and 
sense of displacement as the Red Creek Quartzite (e.g., the Libby Creek Group; Sears et 
al., 1982; Karlstrom et al., 1983; Duebendorfer and Houston, 1987).  
Subsequent rifting normal to the Cheyenne Belt suture produced the UMG basin, 
where as much as ~10.7 km of UMG sediments were deposited (Stone, 1993; figure 5).  
Although the specific tectonic setting for the UMG basin is still unclear, this proposed 
rifting event may be associated with the early breakup of the supercontinent Rodinia 
(Seeley, 1999; Condie et al., 2001). 
 Following the inception of UMG basin rifting and deposition, the UMG was 
tilted northward by ~5° to 7° before deposition of the Cambrian Lodore Formation, 
resulting in truncation of the UMG to the south in the eastern Uinta Mountains (Stone, 
1993).  In other parts of the range, the upper UMG lies in angular discordance with the 
Mississippian Madison Limestone (Dehler et al., 2005).  The lack of Ordovician,
7
     
  
 
 
 
 
Figure 5.  Hypothesized location of the “Uinta trough” in relation to the Cheyenne suture, 
showing Archean rocks to the north and Proterozoic rocks to the south (from Stone, 
1993).  Note that the UMG basin has been interpreted as an aulacogen; current 
interpretations favor an intracratonic setting (e.g., Condie et al., 2001). 
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Silurian, and Devonian strata throughout the Uinta Mountain region suggests the UMG 
basin was a structural high at the time.  Intermittent subsidence of the UMG basin 
affected later sedimentation from Late Mississippian to Early Cretaceous time, where a 
thick, as much as 4 to 5 kilometers, section exists (Hansen, 1965, 1986; Sprinkel, 2006).   
The Uinta Mountains first began to rise in latest Cretaceous time (Hansen, 1965, 
1986).  The east-west trend of the range is anomalous to many other uplifts throughout 
the North American Cordillera.  This trend can be attributed to Precambrian ancestry 
(Hansen, 1965; Wallace, 1972; Stone, 1993) and structural inversion of the UMG basin 
(Stone, 1993).     
Two distinct uplift events are commonly associated with the rise of the Uinta 
Mountains (e.g., Bradley, 1988).  First, a significant Laramide uplift event is documented 
before deposition of the Paleocene Fort Union Formation and after deposition of the 
Upper Cretaceous Ericson Sandstone (Hansen, 1986).  This episode of Laramide faulting 
is best constrained by direct evidence along the northern flank of the Uinta Mountains, 
where the Fort Union Formation lies in an angular unconformity above Mesozoic strata 
north of Goslin Mountain (Hansen, 1965).  Second, a following uplift event in late early 
to early middle Eocene is evident based upon the thick package of synorogenic sediments 
deposited in the adjacent Uinta and Green River basins (Bradley, 1988).  During this 
period, several isolated non-marine basins were produced as a consequence of Laramide 
deformation, resulting in complicated drainage patterns within the Laramide province 
throughout the early Tertiary (e.g., Dickinson et al., 1988).  The east-west Uinta uplift 
overlapped in space and time with north-south directed uplifts related to Sevier 
deformation in the west, and the Laramide Rock Springs uplift to the east.  Both 
9
     
intersections encompass important oil and gas fields along the northern flank of the 
Uintas including the Anshutz Ranch and Bridger Lake fields in the west, and the Clay 
Basin gas field in the east (e.g., Gries, 1983).         
 After the youngest synorogenic Eocene sediments were deposited into the 
adjacent Green River and Uinta basins, directly north and south of the Uinta Mountains 
respectively, tectonic activity declined long enough for the Oligocene Gilbert Peak 
erosion surface to form (Hansen, 1986).  Since the Oligocene, extensional deformation 
has dominated the eastern Uinta Mountains, producing the Browns Park graben.  As a 
result, several high-angle normal faults with minor displacement can be observed 
scattered throughout the northeastern flank of the range.  Because many faults are 
confined within the UMG, accurate dating cannot be established.  Where present, both 
the Oligocene Bishop Conglomerate and the Oligocene-Miocene Browns Park Formation 
are useful for dating post-Laramide extensional faulting in the eastern Uinta Mountains 
(Hansen, 1984). 
 
Eastern Uinta Mountain Group 
 
 The eastern Uinta Mountain Group contains approximately 7 to 11 kilometers of 
siliciclastic sediment (Hansen, 1965; Stone, 1993) interpreted to represent at least three 
sedimentary environments.  Conglomerates within the northeast part of the range (Jesse 
Ewing Canyon Formation) are interpreted as alluvial fan deposits (Sanderson and Wiley, 
1986; Brehm, 2007).  Fine-grained deposits both associated and not associated with 
alluvial fan deposits are interpreted as either part of a fan delta or a wave-affected delta 
plain, respectively (Dehler et al., 2007), or a river floodplain, playa, or lake (Sanderson 
and Wiley, 1986; Winston, 1991).  Medium- to coarse-grained sandstones (which by far 
10
     
comprise the majority of eastern strata) are widely accepted as dominantly fluvial 
deposits, most likely braided (e.g., Hansen, 1965; Dehler et al., 2007).   
Aside from post-Civil War geologic maps of the area by King, Hayden, and 
Powell (Aalto, 2005, and references therein), the work of Wallace Hansen provides 
several substantial contributions towards mapping the eastern UMG (see Hansen, 1957, 
1961a, 1961b, 1965).  Despite regarding the UMG as a single map unit, Hansen’s work 
includes several marker beds and notes lateral variability of basal conglomerate beds 
north of Browns Park (within the Clay Basin and Mountain Home quadrangles) to 
sandstone of fluvial origin within a few kilometers (Hansen, 1965).  His work led 
Sanderson and Wiley (1986) to further study these conglomerate deposits and formalize 
the first formation of the eastern UMG, the Jesse Ewing Canyon Formation.   
Sanderson and Wiley (1986) interpret two sequences of small to medium-sized 
alluvial fans within the Jesse Ewing Canyon Formation along at least two parallel normal 
faults (displaced in sequence from south to north), protruding a few hundred meters 
southward into the basin.  They report the Jesse Ewing Canyon Formation as up to 225 
meters thick.  A re-evaluation of the formation by Brehm (2007) favors a thickening of 
the unit to greater than one kilometer in places by including associated fine-grained 
deposits above the conglomerates.  Sanderson and Wiley (1986) interpret these distal 
fine-grained deposits as a possible river floodplain, playa, or lake, however they do not 
address them in detail.  Brehm (2007) interprets the formation as fan delta deposits along 
the northern UMG basin margin.     
Dehler et al. (2007) interpret fine-grained deposits of the Jesse Ewing Canyon 
Formation and Outlaw Trail formation as marine, fan delta and wave-affected delta plain 
11
     
deposits, respectively, based on lithology, sedimentary structures, and broad correlation 
to western UMG strata that other workers interpret as marine (Wallace and Crittenden, 
1969; Wallace, 1972; Dehler et al., 2002).  This interpretation implies a marine incursion 
filled the UMG basin as far east as the Utah-Colorado border.  However, alternate non-
marine interpretations are still viable for both western and eastern UMG strata, which 
suggest a lacustrine/ floodplain depositional environment for fine-grained intervals (e.g., 
Winston, 1991).  For example, Sanderson (1984) re-interprets the Mount Watson 
Formation as entirely braided fluvial, which contrasts Wallace’s (1972) original marine 
interpretation. 
Connor et al. (1988) propose preliminary subdivisions of eastern UMG strata 
south of Browns Park within the Diamond Breaks Wilderness Study Area (figure 4), 
where they subdivide a 30 to 40 meter-thick fine-grained interval.  De Grey (2005) refers 
to this shale break as the Outlaw Trail formation in a 1:24,000 scale map of the Swallow 
Canyon quadrangle (figure 4) and associated M.S. thesis, which provides a detailed facies 
analysis of eastern UMG strata (see also Dehler et al., 2007).  De Grey (2005) identifies 
three formations within the eastern UMG; these include the formation of Diamond 
Breaks (~800 meters; interpreted as braided fluvial deposits), the formation of Outlaw 
Trail (~50 meters; interpreted as delta plain deposits), and the formation of Crouse 
Canyon (~3,000 meters; interpreted as braided fluvial deposits; figure 6).  The correlation 
of these formations westward and northward is unknown.   
 
Depositional age of the Uinta Mountain Group 
 
Many early age estimates for the UMG (late 1800s to early 1900s) place the group 
in the Paleozoic, although as early as 1879, John Wesley Powell suggests the UMG is
12
     
  
 
Figure 6. Stratigraphic columns of the eastern UMG from the previous work of a) Brehm 
(2007) north of Browns Park and b) De Grey (2005) south of Browns Park.  See figure 4 
for study area locations.   
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Precambrian (Aalto, 2005).  The acceptance of a Precambrian age without question by 
the United States Geological Survey came in 1934 (see Hansen, 1965).  Where the base 
of the UMG is exposed (northeast of the study area), it nonconformably overlies the 
Paleoproterozoic(?) Red Creek Quartzite, while the top of the UMG (south of the study 
area) unconformably underlies Cambrian strata.  Whole rock Rb-Sr analyses yield ages 
ranging between 925 to 1,100 Ma for the UMG (see Tweto, 1987, and references 
therein).   
Recent age estimates from detrital zircon analyses yield a maximum depositional 
age constraint of 770 Ma for the Outlaw Trail formation (four grains; Fanning and 
Dehler, 2005) and 781 Ma for the Jesse Ewing Canyon Formation (one grain; Brehm, 
2007).  Consistent with these data, Dehler et al. (2007) suggest UMG deposition to have 
initiated anywhere between 770 and 740 Ma based on the comparison of biostratigraphy 
and C-isotope stratigraphy of the western UMG (Red Pine Shale) with the 
Neoproterozoic Chuar Group of the Grand Canyon, Arizona.  This is consistent with 
paleomagnetic results, which suggest the Uinta Mountain Group may be as young as 770 
Ma (Bressler, 1981; Elston and McKee, 1982; Weil et al., 2006).  
 
Paleogeographic and tectonic setting of the Uinta Mountain Group 
 Although earlier workers term the UMG basin an aulacogen (e.g., Sears et al., 
1982; Stone, 1993; figure 5), Condie et al. (2001) refute the aulacogen hypothesis based 
upon the westward extent of Paleoproterozoic/Archean (pre-UMG) crust.  Although 
aulacogens commonly form during the breakup of supercontinents (as seems likely for 
Neoproterozoic Rodinia breakup), they open into new ocean basins, as observed in the 
Triassic sedimentary record along the Atlantic margin today (e.g., Burke, 1977).  Because
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Neoproterozoic strata rest on older Proterozoic and Archean basement in northeastern 
Nevada (at least 500 km west of the Uinta Mountains), the UMG rift terminates within, 
rather than at the edge of the craton as it should if it were an aulacogen (Condie et al., 
2001).  For this reason, Condie et al. (2001) conclude the term “intracratonic basin” is 
more appropriate for characterizing the UMG basin. 
 Many workers interpret the UMG to represent a fluvial system deposited in an 
east-west trending trough bounded on the north by an active fault system and opening 
into a shallow sea on the west, where the Big Cottonwood Formation was deposited in an 
estuary (Chan et al., 1994; Ehlers and Chan, 1999; Condie et al., 2001; Lee, 2003).  
However, because southern sediment sources for the UMG are lacking, the presence of a 
shallow sea along the southern margin of the UMG basin is also a viable hypothesis (e.g., 
Wallace, 1972; figure 7).  Several workers have interpreted a marine setting for parts of 
the UMG (Hansen, 1965; Wallace, 1972; Dehler et al., 2007; Kingsbury, 2008).
However, other workers suggest the UMG may largely represent non-marine braided 
fluvial and lacustrine environments (Sanderson, 1984; Winston, 1991).  In any case,
 strong westward basin-axial sediment transport within the UMG basin must be explained 
(figures 7 and 8). 
Many provenance studies of the UMG interpret a mixing of distal quartz-rich 
eastern sources with more proximal feldspar-rich northern sources (Wallace, 1972; 
Sanderson, 1978; Condie et al., 2001; Mueller et al., 2007; Kingsbury, 2008).  In this 
respect, the provenance of UMG sediment can be grouped into two general sources: a 
mixed Proterozoic/Archean eastern source and a dominantly Archean northern source(the 
Wyoming Craton; Ball and Farmer, 1998; Condie et al., 2001).  Using geochemistry,
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Figure 7. Marine paleogeographic map for the western Uinta Mountain Group as 
interpreted by Wallace and Crittenden (1969).  Arrows represent paleoflow directions.  
Note the presence of a marine body of water along the west and south margins of the 
basin (modified from Wallace and Crittenden, 1969). 
 
 
 
 
Figure 8.  Paleogeographic map of the Uinta Mountain Group and Big Cottonwood 
Formation (referred to as “group” in figure) as inferred from provenance studies.  Arrows 
denote inferred paleocurrents.  Note how paleoflow within the Uinta Mountain Group is 
strongly to the west and is dominated by fluvial environments (from Condie et al., 2001). 
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Nd isotopes, and detrital modes, Condie et al. (2001) interpret the eastern source to be 
dominated by Paleoproterozoic sediment in a westward-flowing braided fluvial system, 
while the northern source is dominated by Archean sediment in fan deposits along the 
UMG basin’s northern boundary.  Detrital zircon analyses performed by Mueller et al. 
(2007) show that dominantly Mesoproterozoic detritus from an eastern source was 
episodically diluted within the UMG basin by Archean detritus derived from the 
Wyoming Province to the north.  The eastern source of Mueller et al. (2007) was 
enriched in 1.1 Ga zircons interpreted to originate from the Grenville orogeny to the east 
by means of a trans-continental fluvial system (i.e., Rainbird et al., 1992).   
Sediment dispersal patterns determined from paleocurrent measurements by De 
Grey (2005) in the Swallow Canyon quadrangle (east of the study area) indicate 
dominant west-southwestward flow (figure 9), while measurements taken by Brehm 
(2007) and Sanderson and Wiley (1986) in the Clay Basin quadrangle (east of the study 
area) within the Jesse Ewing Canyon Formation show dominant southwestward flow in 
conglomeratic intervals (clast imbrications) coupled with bimodal northwestward/ 
southeastward flow in sandstone intervals (figure 9).  More work is needed to better 
constrain these environments and resultant paleoflow variations throughout the eastern 
UMG.  
              
Methods 
 
Geologic mapping, facies and paleocurrent analyses, sedimentary petrography, 
and detrital zircon analyses are herein used to subdivide and refine paleogeographic 
interpretations for undivided eastern UMG strata.  The study area chosen lies on the 
western tip of the Browns Park graben within and adjacent to the Goslin Mountain
17
     
 
 
Figure 9.  UMG paleocurrent rose diagrams from previous work in the adjacent area from 
the Diamond Breaks (a) and Crouse Canyon (b) formations within the Swallow Canyon 
quadrangle (taken from crossbedding interpreted as fluvial; De Grey, 2005), and the Jesse 
Ewing Canyon Formation (c) within the Clay Basin and Willow Creek Butte quadrangles 
(red and blue diagram shows crossbedding within sandstone intervals interpreted as fan 
delta deposits from Brehm (2007), and black diagram shows clast imbrications 
interpreted as alluvial fan deposits from Sanderson and Wiley (1986)). 
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quadrangle (figures 2 and 4).  This study area overlaps previously mapped areas of 
Hansen (1961a, 1965), Sprinkel (2006), and Brehm (2007) and aims to extend/modify 
previous UMG map units of De Grey (2005) and Brehm (2007) to the west (figure 4). 
 
Geologic mapping 
 
Geologic mapping, using 1:24,000-scale aerial photography in conjunction with 
field work over the spring and summer of 2007, is used to document the structure and 
outcrop exposure of eastern UMG subdivisions.  All contacts, faults, folds, and strike and 
dip measurements are digitized into ArcMap 9.1 onto a 1:24,000-scale topographic map 
base (plates 1 and 2; appendix A).  Facies and paleocurrent analyses are used to present 
correlations and new subdivisions of undivided eastern UMG stratigraphy.  Detailed unit 
descriptions are presented for UMG subdivisions along with detailed structural 
interpretations of the faulting history throughout the study area.     
 
Facies and paleocurrent analyses 
 
Sedimentary descriptions on all outcrops encountered in the field during the 
course of the study are grouped into six separate facies associations based on grain size, 
sedimentary structures, and architecture.  Eight measured stratigraphic sections, ranging 
from 32 to 240 meters in thickness, and numerous field photos are used to document 
sedimentary facies, interpret depositional environments, and present stratigraphic 
subdivisions.  Suggested preliminary subdivisions of the UMG south of Browns Park 
(Connor et al., 1988; De Grey, 2005) are modified and extended northwestward, and 
subdivisions of western UMG stratigraphy (i.e., Wallace, 1972) are extended eastward 
into the study area where like divisions are seen to fit.   
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Orientation measurements on all cross-strata foresets, ripple marks, convolute 
lamina axes, and parting lineations encountered in the field throughout the stratigraphic 
section are used to constrain paleoflow using a Brunton compass (appendix C).  All data 
are corrected for bed orientation and processed using GeoPlot 1.2, where an azimuth 
direction and dip angle was determined for each measurement.  These data are presented 
as rose diagrams in conjunction with sedimentary facies descriptions to constrain 
environmental and paleogeographic interpretations.  Mean angles are presented for each 
subdivision and/or facies association to document changes and similarities in paleoflow 
trends throughout the section.  Statistical tests (Mann-Whitney U method) were 
performed between the dip directions of different populations of paleocurrent data 
throughout the section, based on stratigraphic position and/or facies association, to 
determine which trends could be considered statistically similar or different.   
 An analysis of palynomorphs is presented for samples of organic-rich shale taken 
from fine-grained intervals encountered in the field.  Where fine-grained intervals are 
poorly exposed, samples were taken from good exposures west of the study area and 
correlated to the stratigraphic section using aerial photography.  All samples were sent to 
Gerald Waanders (consulting palynologist, Encinitas, CA) for analysis of the organic 
content, microfossils present, and the thermal maturity of the samples (based on color of 
organic material; appendix D).  These data are presented in tabular form to aid in 
paleoenvironmental interpretations, stratigraphic correlation, and UMG basin evolution 
(table 4). 
 
 
 
 
20
     
Sedimentary petrography 
 
 A suite of 36 thin sections from all facies associations identified and sections 
measured are analyzed using petrographic descriptions and the traditional point-counting 
method, where the compositions of at least 300 randomly selected points are determined 
per sample, to document provenance variation within the area and to aid in environmental 
interpretations (appendix E).  To aid in mineral identification, all thin sections were 
stained for plagioclase and potassium feldspar.  Monocrystalline quartz grains were 
divided into non-undulatory (extinction angle is ≤5°) and undulatory (extinction angle is 
>5°) categories to determine petrographic trends (e.g., Basu et al., 1975; Tortosa et al., 
1991).  Data are presented as ternary plots, diamond diagrams, and descriptions including 
photography where appropriate.   
 
Detrital zircon analyses 
 
 Seven detrital zircon analyses were performed on samples collected throughout 
the stratigraphic section using a laser-ablation multicollector ICP mass spectrometer at 
the University of Arizona.  Approximately one-hundred grains were randomly analyzed 
per sample for U-Pb to determine absolute ages and are presented as age-probability plots 
for each sample (appendix F).  Samples were chosen to document stratigraphic trends in 
provenance as well as trends between different facies associations.  The results are used 
to further constrain provenance and paleogeographic interpretations.   
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GEOLOGIC MAPPING 
 
 
Phanerozoic units 
 
 
Quaternary units 
 
 All Quaternary map units are compiled and modified from the mapping of Hansen 
(1965).  This includes flood plain deposits (Qfp), eolian deposits (Qe), landslide deposits 
(Qls), talus deposits (Qt), tributary alluvium (Qta), and six sequences of bench deposits 
(labeled Qb6 to Qb1 from oldest to youngest, respectively; see plates 1 and 2).  Notable 
differences from the work of Hansen (1965) are few and include additional mapped 
deposits, an additional older sequence of bench deposits (Qb6), and a change in the 
nomenclature of bench deposits, where Qb6 is oldest and Qb1 is youngest. 
 
Tertiary units 
 
 All Tertiary units are compiled and modified from the mapping of Hansen (1965).  
These include the Oligocene-Miocene Browns Park Formation (Tbp), gravel deposits on 
Goslin Mountain (Tg; possibly Quaternary), the Paleocene Fort Union Formation (Tfu), 
and the Uinta fault zone (TKufz; see plates 1 and 2).  Modifications of these units are 
minimal and only occur south of the Uinta fault within the gravel deposits (Tg) and 
Browns Park Formation (Tbp). 
 
Mesozoic and Paleozoic units 
 
 All Mesozoic and Paleozoic units are compiled from the mapping of Hansen 
(1965) and Sprinkel (2006).  Mesozoic units include the Ericson Sandstone (Ke) and the 
Rock Springs Formation (Krs) of the Upper Cretaceous Mesaverde Group, the Upper 
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Cretaceous Baxter Shale (Kbx) and Frontier Sandstone (Kf), the Upper and Lower 
Cretaceous Mowry Shale (Km), the Lower Cretaceous Dakota Sandstone (Kd), the 
Lower Cretaceous and Upper Jurassic Morrison Formation (Jm), the Upper Jurassic 
Stump Formation (Js), the Middle Jurassic Entrada Sandstone (Je) and Carmel Formation 
(Jc), and the Lower Jurassic and Upper Triassic Nugget Sandstone (JTrn; see plates 1 and 
2).  Paleozoic units include the Lower Pennsylvanian Round Valley Limestone (Pr) and 
undivided Pennsylvanian and Mississippian rocks (PMu; see plates 1 and 2).  These rocks 
all occur in the northernmost part of the field area in the footwall of the Uinta fault zone.   
 
Precambrian units 
 
 All Precambrian units are compiled and modified from Hansen (1965), De Grey 
(2005), Sprinkel (2006), and Brehm (2008).  Middle Neoproterozoic units make up the 
eastern Uinta Mountain Group, which includes the Red Pine Shale (Zur), the Hades Pass 
formation (Zuh; which includes four fine-grained marker intervals (Zuf) and a basal 
conglomeratic marker interval (Zucg)), the Crouse Canyon formation (Zuc), the Outlaw 
Trail formation (which includes an upper fine-grained member (Zuofu), a middle 
sandstone member (Zuoc), a middle fine-grained member (Zuofm), and a lower fine-
grained member (Zuofl)), the Diamond Breaks formation (Zud), and the Jesse Ewing 
Canyon Formation (which includes the Willow Creek Butte (Zujw) and Head of 
Cottonwood (Zujc) members).  Paleoproterozoic to Upper Archean units make up the 
Red Creek Quartzite, which includes amphibolite (XWra), metaquartzite (XWrq), mica 
schist (XWrm), metadiorite (XWre), and carbonate rock (XWrc; see plates 1 and 2).  
Units of the Neoproterozoic Uinta Mountain Group are the most extensively modified 
units of the map area and are the focus of this study.  Paleoproterozoic to Upper Archean 
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units are entirely compiled from the work of Hansen (1965) and Sprinkel (2006).  All 
Precambrian units exist south the Uinta fault zone.  Within the Uinta Mountain Group, 
only the Jesse Ewing Canyon Formation is located on the hangingwall of the Goslin 
thrust, where it is in depositional contact with the Red Creek Quartzite and structurally 
separated from all other Uinta Mountain Group units.   
 A continuous section of roughly 5.6 kilometers is exposed within the field area 
(figure 10).  The stratigraphically lowest part of the section is located south of Browns 
Park, where it is covered by the Browns Park Formation and Quaternary deposits, and the 
stratigraphically highest part is located on top of Goslin Mountain, where it is truncated 
by the Uinta fault (plate 1).  Of the five formational subdivisions proposed for the 
section, three are modified and extended from the work of De Grey (2005) and Brehm 
(2007), and two are modified and extended from western UMG units (Wallace, 1972).  
The section includes ~600 meters of Diamond Breaks formation, the ~300 meter-thick 
Outlaw Trail formation, the ~2,700 meter-thick Crouse Canyon formation, the ~1,800 
meter-thick Hades Pass formation, and ~200 meters of Red Pine Shale (figure 10, plates 1 
and 2). 
Modifications from previous work include an extension of the Outlaw Trail 
formation from a single 30 to 40 meter-thick fine-grained marker interval to a roughly 
300 meter-thick subdivision, including three fine-grained members ranging from 30 to 
greater than 80 meters thick.  In this regard, the Outlaw Trail formation as defined by 
previous work (De Grey, 2005; Dehler et al., 2007) represents only the lower fine-grained 
member of the formation as proposed herein.  Correlation and extension of the Diamond
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Figure 10.  General stratigraphic column of the eastern Uinta Mountain Group 
stratigraphy within the study area showing formation subdivisions, facies associations, 
paleocurrent measurements, palynology samples, and detrital zircon samples from this 
study (see subsequent chapters for environmental interpretations).  Base of section is not 
exposed, and top of section is truncated by the Uinta fault.  
     
Breaks and Crouse Canyon formations northwestward and the Hades Pass formation and 
Red Pine Shale eastward is also presented (plates 1 and 2).   
An estimate of the total eastern UMG thickness is presented by Hansen (1965) 
within the Willow Creek Butte quadrangle (figure 4).  Using markers identified by aerial 
photography and bedding orientations obtained from the field, Hansen estimates the total 
UMG thickness to be about 7.4 kilometers in this area.  Here the depositional base of the 
UMG is exposed and the upper UMG is truncated by the Uinta fault.  This thickness is 
consistent with the mapping of Brehm (2007) east of the study area (figure 2).  However, 
a major fault (the Owiyukuts fault) separates this section into two fault blocks, one 
showing no depositional base for the UMG.  This estimate should be treated with 
uncertainty because only crude lithologic markers inferred from aerial photographs were 
used to obtain this thickness.  Because no depositional base is observed across the 
Owiyukuts fault, similar lithologic patterns could be used to argue for alternate 
interpretations.  Furthermore, the depositional contact of the UMG onto the Red Creek 
Quartzite where measured by Hansen (1965; and perhaps for all Jesse Ewing Canyon 
Formation outcrops) could represent an onlap of the UMG onto crystalline basement up 
section from the true UMG depositional base.  De Grey (2005) estimates approximately 4 
kilometers of exposed UMG strata exist south-southeast of the study area, however no 
base is exposed.  These estimates represent minimum eastern UMG thicknesses.  A more 
reliable estimate could be obtained if the depth to the UMG depositional base in the 
subsurface below the Diamond Breaks formation is established. 
Seismic lines and structural cross sections presented by Stone (1993) suggest that 
~5 kilometers of strata may exist below the Outlaw Trail formation along the southern 
26
     
part of the study area.  When added to the exposed thickness of the UMG above the 
Outlaw Trail formation within the study area, a total thickness of ~10 kilometers is 
obtained.  This is consistent with the estimate of Stone (1993), who proposes a thickness 
of up to 10 or 11 kilometers for the UMG.  In any event, because no complete, un-faulted 
section of the UMG is exposed, Stone’s (1993) estimate should be regarded as a possible 
maximum thickness for the eastern UMG.      
 
Structural setting of the field area 
 
 Geologic mapping of the study area shows both a compressional and extensional 
history.  Following rifting, deposition, and lithification of UMG sediments, at least two 
major compressional events ensued represented by first the Goslin thrust, then the Uinta 
fault zone (plate 1).  These compressional events can be best explained as manifestations 
of Laramide deformation resulting in the uplift of the Uinta Mountains and the Rock 
Springs uplift.   
Following this compressional deformation, numerous extensional structures 
formed, many which can be attributed to the gravitational collapse of the eastern dome of 
the Uinta Mountains during the middle to late Cenozoic (see Hansen, 1986).  The most 
notable of these faults include the Dutch John fault, a pattern of crudely left-stepping 
nomal faults and minor northeast- to northwest-trending normal faults on Goslin 
Mountain, minor right-stepping normal faults along the southern flank of Browns Park, 
the eastern edge of the Uinta Crest fault zone, and northwest-trending, possibly 
Quaternary, normal faults southwest of Browns Park (plate 1).   
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Goslin fault 
 
The Goslin fault, located along the east side of Goslin Mountain, is interpreted as 
a thrust based upon the pronounced drag in UMG footwall strata first mentioned by 
Hansen (1965).  The fault separates the Paleoproterozoic Red Creek Quartzite and the 
basal Jesse Ewing Canyon Formation from the greater UMG section studied in this 
report.  The northwest-trending fault is partially concealed by Tertiary gravels of 
undetermined age (possibly correlative with the Miocene Browns Park Formation; 
Hansen, 1961a) as its trend takes a westward, then northward bend, forming a crude 
sigmoidal pattern before becoming truncated by the Uinta fault.  All folds and major 
normal faults southwest of this area share this rough sigmoid shape in their trends 
(including a footwall syncline and the Dutch John Nose anticline; plate 1), suggesting 
they were deformed contemporaneously at a later time.  This bending mimics a recess in 
the Uinta fault zone south of Clay Basin – a likely result of Laramide-age interaction 
between the Uinta and Rock Springs uplifts.   
The age of faulting is poorly constrained between the early Tertiary uplift of the 
Uinta Mountains during the Laramide orogeny (age of the Uinta fault) and the end of 
UMG deposition (< 766 Ma; Dehler et al., in review).  However, this trend is broadly 
analogous to the trend of the Rock Springs uplift and other north-northwest trending 
structures that intersect the Uinta fault, including the Red Canyon anticline and the 
Linwood nose in the Flaming Gorge quadrangle (Hansen, 1955) and the Dutch John Nose 
anticline to the west (plate 1).  Also correlation of the Goslin fault’s footwall syncline 
with the broader, synclinally-warped Cretaceous strata north of the Uinta fault suggests 
this fault may have been a result of deformation at depth related to the Rock Springs 
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uplift (e.g., Mederos et al., 2005).  Furthermore, the Uinta fault cuts younger strata to the 
east in the greater Flaming Gorge/Browns Park area, therefore on an outcrop scale, if 
deformation related to the Rock Springs uplift occurred at depth orthogonal to the Uinta 
Mountains, deformation would be more pronounced along the Uinta fault zone in older 
footwall strata to the west, as shown by the Linwood nose (Hansen, 1955), which 
deforms Paleozoic rocks.  This suggests that Rock Springs uplift-related deformation, 
which culminated in the Late Cretaceous (Liu and Nummedal, 2004; Mederos et al., 
2005), was prior to the culmination of the Uinta uplift in the early Tertiary (Bradley, 
1988).  Displacement along this structure is unknown, but is likely on the order of 
kilometers.  
 
Uinta fault zone and Uinta anticline 
 
 The Uinta fault zone displays the thrust displacement responsible for the uplift of 
the Uinta Mountains and the formation of the Uinta anticline (plate 1).  It stretches along 
the northern margin of the range, separating Precambrian rocks in the hanging wall from 
Paleozoic and Mesozoic rocks in the footwall to the north.  The majority of its 
compressional displacement took place between the deposition of the Mesozoic units and 
the Tertiary Fort Union Formation as shown by the angular unconformity in the extreme 
northern edge of the map area (see Hansen, 1965, p. 148).  The axis of the Uinta anticline 
passes through the southern part of the field area, where a small anticline-syncline pair 
gently splay out northeastward as they approach the Browns Park graben.  Much of the 
field area is located on the more steeply-dipping north flank of this structure, where 
bedding dips approximately 40° northward before being truncated by the Uinta Fault.   
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Hansen (1965) interprets normal movement in the fault zone during the 
Precambrian, possibly contemporaneous with the rifting of the UMG basin, based on the 
identification of Archean rocks in the fault zone.  During the Phanerozoic, two 
compressional pulses have been interpreted for the fault zone; the first occurred in latest 
Cretaceous to early Paleocene and the second in late-early to early-middle Eocene 
(Bradley, 1988).  Hansen (1986) also interprets subsequent normal movement related to 
the gravitative collapse of the eastern Uinta Mountains based on the projection of the 
Tertiary Gilbert Peak erosion surface from the top of Goslin Mountain northward to Little 
Mountain in Wyoming, indicating a total collapse of about 1,600 meters.  This re-
activation possibly continued into the Quaternary. 
Two wells, both just outside the study area to the east and west, within the Clay 
Basin and Dutch John 7.5’ quadrangles respectively, show the fault dipping 
approximately 47° to the south (plate 2).  Unfortunately there is no well control within 
the study area.  Three-point problems suggest a shallow dip of 10° or less at the salient 
along the north flank of Goslin Mountain.  Mapping suggests this salient, and “shallow 
dip,” to be coincident with the fault crossing the Baxter Shale (equivalent of the Mancos 
Shale) in its footwall.  This coincidence was first pointed out by Ritzma (1959), who 
suggested the dip to be a result of the fault “skidding out on less competent Mancos 
Shale” and that the Uinta fault resembles a “mushroom-like” structure here.  However, 
the fault appears to be folded at this location, likely as a result of Rock Springs uplift-
related deformation, making three-point calculations misleading.  Cross sections 
produced by Hansen (1961a, 1965) show a fault dip of 65° to 70° at this location.  
Contrasting both Ritzma and Hansen, a fault dip of ~47° is preferred here (see cross 
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section A-A’, plate 1), consistent with calculated fault dips from well logs to the east 
(Clay Basin 7.5’ quadrangle) and west (Dutch John 7.5’ quadrangle; plate 2).   
      
Dutch John Fault 
 
 The Dutch John fault is the most significant normal fault in the field area.  A 
displacement estimate of approximately 300 meters from the top of Goslin Mountain to 
the bottom of Little Hole was presented by Hansen (1986) based on the offset Tertiary 
Gilbert Peak erosion surface.  This estimate is consistent with displacement constraints 
derived from the offset of new eastern UMG units proposed in this study (the upper 
Outlaw Trail formation), which constrains maximum displacement along the fault to no 
more than 500 meters (see cross section B, plate 1).  Drag on the fault is apparent just 
northwest of Little Hole, where bedding in the footwall dips over 30° to the south.  In the 
Devils Hole area, minor faults likely related to the Dutch John fault were mapped.  To the 
west, the fault trend bends northward as displacement appears to die out north of Dutch 
John (Hansen, 1965).  To the east, displacement along the fault is interpreted to transfer 
across a relay ramp as it makes a left step to the Mountain Home fault.  Movement along 
the Dutch John and Mountain Home faults is post-Miocene as both cross-cut deposits of 
the Browns Park Formation. 
 
Normal faults on Goslin Mountain 
 
   A group of crudely left-stepping normal faults (first mapped by Hansen, 1961a) 
with down to the west displacements stretch for several kilometers northwestward along 
the western part of Goslin Mountain.  Their trends deviate northward along the western 
margin of the map area before being truncated by the Uinta fault proximal to the axis of 
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the Dutch John Nose anticline.  Displacement across these faults is shown by offset of a 
conglomeratic marker interval first mapped by Hansen (1961a).  Taking into account all 
faults present, Hansen (1965) estimates the total displacement across this zone to be on 
the order of 500 to 600 meters.  The age of these faults is uncertain. 
 Several other minor normal faults trending northeast to northwest are also mapped 
on Goslin Mountain.  Many of these faults are no longer than one kilometer, yielding 
likely displacements of a few to tens of meters and showing a preferred down to the east 
sense of displacement (towards Browns Park).  Cross-cutting relationships show these 
faults likely moved contemporaneously with or after the group of crudely left-stepping en 
echelon faults of western Goslin Mountain. 
 
En echelon Browns Park faults 
 
 Four faults, three which form a right-stepping en echelon pattern, are mapped 
along the southwest flank of the Browns Park graben.  The best exposed of these faults is 
the northernmost, which crosscuts the upper member of the Outlaw Trail formation as it 
intersects the Green River.  All faults share a down to the northeast sense of 
displacement, although the northernmost fault does show a minor reversal in 
displacement sense along strike as it dies out to the northwest.  These faults are likely 
related to the formation of the Browns Park graben.  Because at least two (possibly three) 
of the faults displace the Browns Park Formation, they share a Miocene to post-Miocene 
age.  Displacement is likely minimal, probably on the order of a few tens of meters. 
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Uinta Crest fault zone 
 
 Just north of the Uinta anticline, in the southwest part of the field area, a fault 
related to the Uinta Crest fault zone of Wallace (1972) is mapped and can be traced 
westward along this trend to the central part of the range (Sprinkel and Rybczynski, in 
review).  The origin of this fault is interpreted as the relaxation or collapse of the more 
steeply-dipping northern limb of the Uinta anticline.  Displacement sense across the zone 
is normally down to the north, however there is a slight reversal in displacement sense 
where it is mapped at its east end within the study area, producing a pair of folds that 
splay off the Uinta anticline as it approaches Browns Park (plate 1).  Displacement is 
minor here and dies out near two northwest-trending faults along the south flank of 
Browns Park.  Maximum displacement along this zone occurs tens of kilometers to the 
west of the study area in the central Uinta Mountains, where it is on the order of a few 
100 meters (Wallace, 1972).     
 
Northwest Trending Faults 
 
 A group of northwest-trending normal faults are mapped in the southern part of 
the study area, the majority showing a down to the southwest sense of displacement.  The 
largest of these faults stretches across a significant portion of the study area, displacing 
the upper member of the Outlaw Trail formation southwest of Browns Park by roughly 
20 to 30 meters as it continues northward into Goslin Mountain.  A minor splay of this 
fault also cuts an outcrop of Brown Park Formation in the eastern part of the study area, 
indicating a post-Miocene history.  This trend and displacement sense matches faults with 
Quaternary rupture histories less than 10 kilometers southwest of the study area (Hansen, 
1984; Hecker, 1993), suggesting possible Quaternary activity. 
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Joints 
 
 Several joint planes are observed throughout the field area within the UMG, all 
showing vertical or near vertical dips (n=84; figure 11; appendix B).  Overall, the most 
prominent trends occur in east-west or north-south directions.  Perpendicular joint trends 
such as these were first noted in the eastern UMG by Ritzma (1959) to the south of the 
study area.  Ritzma (1959) pointed out their influence to the formation of drainage 
patterns along the southeast flank of the Uinta Mountains, which includes the drainage 
patterns of Jackson and Warren draws in the southern part of the study area (plate 1).  
The trends of these joints may be related to the formation of the Uinta anticline, where 
north-south trending joints are tectonic joints that formed as mode-I fractures parallel to 
the maximum stress direction responsible for folding.  East-west trending joints may 
represent release joints that formed near the surface during uplift and erosion, where 
compressive stress may have been released along pre-existing structural elements, such as 
cleavage (e.g., Engelder, 1985).  Some east-west trending joints near the Green River in 
the northern part of the study area may also be related to movement on the Dutch John 
fault.  Along Browns Park south of the Green River, northwest-southeast trending joints 
are also observed; these trends are likely related to the nearby northwest-trending faults 
in the area, as described in the previous paragraph (plate 1).  A more detailed analysis of 
jointing within the field area would help better understand these observed trends and their 
interpretations.
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Figure 11.  Rose diagrams showing trends of joints throughout the field area.  Dominant 
north-south and east-west trends are interpreted as unloading joints.  Subordinate 
northwest-southeast trend (southern Browns Park area) is likely related to northwest-
trending faulting in the area. 
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FACIES ANALYSIS 
 
 
Facies associations 
 
Throughout the entire stratigraphic section analyzed, twelve separate facies (based 
on Miall, 2006) are identified and grouped into six facies associations, which provide the 
basis for subdivision of eastern UMG units.  These facies are presented in table 1, and are 
interpreted to represent six distinct sedimentary environments within the eastern UMG 
basin: proximal fluvial, coarse braided fluvial, braided fluvial, low energy braided fluvial, 
mudflat, and offshore environments. 
 
FA1 – Proximal fluvial clast-supported conglomerate 
 
 A few ~10 to 30 meter-thick intervals of cobble conglomerate with minor 
interbedded sandstone are identified on Goslin Mountain, comprising ~3% of the entire 
section (figure 12).  Maximum clast dimensions reach approximately 30 centimeters.  
Imbrication is weak to absent.  Clast composition appears to be exclusively derived from 
the Red Creek Quartzite, similar to the alluvial fan conglomerates of the Jesse Ewing 
Canyon Formation (Sanderson and Wiley, 1986; Brehm, 2007).  Analysis of an outcrop 
near the Goslin Fault reveal a northwest paleoflow (based on clast imbrications; n=11; 
figure 13).  This is the most significant conglomerate outcrop on Goslin Mountain west 
of the Goslin Fault and has previously been used by Hansen (1961a, 1965) as a marker 
interval.  Within the study area, this marker interval has been mapped as the base of the 
Hades Pass formation (plate 1).  Similar outcrops likely exist within the stratigraphic 
section, but are difficult to locate because they are thinner and laterally discontinuous on 
a scale of tens to hundreds of meters.  Although two small outcrops exist in the hanging
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Figure 12.  Photo of clast-supported conglomerate (FA1) taken from the conglomeratic 
marker interval of Hansen (1961a) within the Crouse Canyon formation of central Goslin 
Mountain.  Pencil is approximately 16 centimeters long.  Note the very crude 
crossbedding (dips to right of photo). 
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Figure 13.  Generalized stratigraphy of the conglomeratic marker interval of Hansen 
(1961a, 1965; roughly between meters 70 and 110) on the eastern side of Goslin 
Mountain showing facies associations.  A fine-grained marker interval exists somewhere 
between meters 165 and 215.  Detailed section to the right shows paleocurrents inferred 
from clast imbrications (blue) and crossbedding (black).  Stratigraphic location of sample 
CCDZ-1 shown. 
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wall of the Goslin fault (mapped by Brehm, 2007, as the Jesse Ewing Canyon 
Formation), they are structurally detached from the greater undivided UMG section by 
the Goslin fault and were not studied in this report. 
 This facies association is interpreted as the northern edge of a basin-axial fluvial 
system that filled the UMG basin during deposition.  The location of this facies 
association to the north, large clast size, and northwestward paleoflow likely reflect the 
proximity of this environment to the northern UMG basin margin, which was tectonically 
active during deposition of the eastern UMG (Brehm, 2007).  
 
FA2 - Interbedded braided fluvial sandstone and conglomerate 
 
Several outcrops of braided fluvial sandstone interbedded with subordinate 
conglomerate are identified on Goslin Mountain (figure 14).  The upper half of the 
section is dominated by this facies association, comprising ~30% of the entire 
stratigraphic section.  Common sedimentary structures include scoured bases, lateral 
accretion surfaces, and trough and planar crossbedding.  Medium-scale bedding is 
common with most beds rarely exceeding 30 centimeters in thickness.  Sandstone is 
predominantly medium- to coarse-grained.  Maximum clast dimensions in conglomerate 
rarely exceed 8 centimeters with no noticeable imbrication.  Clast composition of 
conglomerate appears to be largely (if not exclusively) composed of small quartzite 
cobbles derived from the Red Creek Quartzite.  Sandstone intervals are composed of 
quartz to sublithic arenite.  Although outcrops of this facies association exist on the 
southern flank of Goslin Mountain, conglomerate intervals are significantly thinner.  In 
the southern part of the study area, this facies association is entirely absent.  Paleoflow 
measured from crossbedding is to the northwest (n=87; table 1). 
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Figure 14.  Photos of interbedded braided fluvial sandstone and conglomerate (FA2) 
within the upper Crouse Canyon formation of eastern Goslin Mountain.  Hammer is 
approximately 30 centimeters long and compass is approximately 8 centimeters long.  
Note the trough crossbedding in lower photo.  
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  These deposits likely represent channelized braided fluvial deposits associated 
with the northern edge of the axial drainage system within the UMG basin, where 
conglomerate is locally derived from the basin’s northern margin.  The intercalation of 
FA1 (proximal fluvial conglomerate), presence of conglomerate, and northwest 
paleoflow suggest FA2 represents a similar, but less coarse, basin-margin environment to 
FA1. 
 
FA3 – Braided fluvial sandstone 
 
 Braided fluvial sandstone is the most abundant facies association of the eastern 
UMG, comprising ~56% of the entire stratigraphic section (figure 15).  Its extent covers 
nearly the entire southern part of the study area from Goslin Mountain southward, where 
it interfingers with the fine-grained facies associations of the Outlaw Trail formation.  
Common sedimentary structures include trough and planar crossbedding, lateral accretion 
surfaces, scoured bases, lag deposits, and subordinate mudcracks within finer-grained 
beds.  Grain size is predominantly fine- to medium-grained with some localized coarser 
and finer-grained deposits.  Composition of the sandstone is dominantly quartz arenite 
with subordinate sublithic arenite.  Paleoflow is unimodal to the west-southwest (n=237; 
table 1), consistent with the findings of De Grey (2005) within the Diamond Breaks and 
Crouse Canyon formations. 
 These deposits are interpreted as amalgamated channel bars which comprise 
larger channel system deposits that are approximately 10 to 15 meters thick (figures 16 
and 17).  Rare 0.5 to 2 meter thick red siltstone lenses also occur in this facies association 
and are interpreted as abandoned channels and overbank flood deposits.  Where red 
siltstone lenses are not present, elongate red siltstone rip-up clasts exist along the bases of
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Figure 15.  Photos of the braided fluvial sandstone (FA3) within the lower Crouse 
Canyon (top) and Outlaw Trail formations (bottom).  Hammer is approximately 30 
centimeters long.  Note the planar crossbedding in upper photo and crude crossbedding in 
lower photo.  
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Figure 16.  Photo mosaic of the braided fluvial sandstone (FA3) within the Diamond 
Breaks formation showing bedding architecture.  Outcrop is oriented perpendicular to 
inferred paleoflow.  Thick black lines define barforms and channel boundaries, gray lines 
show bedding/accretion surfaces, and thin black lines show crossbedding.  
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Figure 17.  A) Measured section showing typical vertical profile of the braided fluvial 
sandstone (FA3) as observed within the lower Crouse Canyon formation along Red Creek 
showing stratigraphic location of samples and interpretation.  B) Paleocurrent 
measurements of the braided fluvial sandstone (FA3) within the lower Crouse Canyon 
formation along Red Creek taken from crossbedding.  
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sandstone beds, suggesting that they were deposited and subsequently eroded before 
lithification.  This facies association likely represents a large, westward flowing basin-
axial drainage system that dominated the eastern UMG basin during the Neoproterozoic. 
 
FA4 – Low-energy braided fluvial sandstone 
 
This facies association is only recognized within the Outlaw Trail formation along 
the west and southern margins of Browns Park, making up ~3% of the entire section 
(figure 18).  More deposits may exist on Goslin Mountain within the upper Crouse 
Canyon and Hades Pass formations where the UMG is unexposed.  The facies association 
consists of dominantly channelized medium-bedded trough cross-laminated sandstone 
intercalated with thin to laminated horizontally stratified sandstone and siltstone.  
Common sedimentary structures include trough cross-lamination, current ripples, lateral 
accretion surfaces, and mudcracks within finer-grained beds.  Horizontally stratified 
sandstone intervals commonly contain rippled surfaces overlain by thin to laminated 
shale and siltstone intercalations.  Grain size is dominantly medium to fine within 
sandstone beds.  Sandstone composition is dominantly quartz to arkosic arenite.  
Paleoflow, as measured from cross-stratification, is to the northwest (n=51; table 1). 
The thinner bedding, cross-lamination, and intercalation of fines suggest a lower-
energy fluvial depositional environment than FA3 (braided fluvial sandstone).  This 
facies association is the lateral equivalent to the mudflat (FA5) and offshore (FA6) facies 
associations within the Outlaw Trail formation and represents the transition between 
braided fluvial and mudflat environments. 
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Figure 18. Photo of the low-energy braided fluvial sandstone (FA4) within the Outlaw 
Trail formation.  Hammer (bottom right) is approximately 30 centimeters long.  Note the 
trough cross-lamination near the top of the outcrop and the intercalation of thin to 
laminated silt and clay near the bottom.  
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FA5 - Mudflat 
 
Multiple stratigraphic intervals were identified as the mudflat facies association, 
making up ~5% of the entire section (figure 19).  This facies association occurs within 
the Outlaw Trail formation fine-grained members (figure 20), the lower Hades Pass 
formation (based on correlations from the west), and the Red Pine Shale.  These deposits 
contain heterolithic mixtures of sandstone and shale that are commonly green to brown, 
but in places appear red, dark red, and purple.  Sandstone is commonly fine- to very fine-
grained, laminated, and micaceous, although some medium- to coarse-grained and thin- 
to medium-bedded sandstone intervals exist within the upper member of the Outlaw Trail 
formation and the upper Red Pine Shale.  Composition of sandstone ranges from 
arkose/subarkose to lithic/sublithic arenite with some quartz arenite.  Sedimentary 
structures include abundant mudcracks, wave, current, and climbing ripples, parting 
lineations, soft sediment deformation, and subordinate trough cross-stratification.  
Paleoflow, as measured from ripple orientations, cross-strata, parting lineations, and soft-
sediment fold axes, is to the northwest (table 1). 
This facies association represents a mudflat environment prone to subaerial 
exposure and is the transition between the lower energy braided fluvial (FA4) and 
offshore (FA6) environments.  Coarser sandstone intervals within the upper Outlaw Trail 
formation likely represent mouthbar deposits of smaller-scale distributary channels 
within this environmental transition. 
 
FA6 – Offshore 
 Some intervals containing the mudflat facies also contain the offshore (FA6) 
facies, which makes up ~3% of the entire section (figure 21).  This facies association is
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Figure 19. Photos of the mudflat facies association (FA5) within the Red Pine Shale 
(top), showing laminated very fine-grained micaceous sandstone, and the upper member 
of the Outlaw Trail formation (bottom), showing thin-bedded fine-grained sandstone 
above laminated silt and clay.  Pencil is approximately 16 centimeters long and hammer 
is approximately 30 centimeters long. 
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Figure 20. Stratigraphic sections of the lower (A) and upper (B; base not exposed) 
members of the Outlaw Trail formation showing sample locations, sedimentary 
structures, and environmental interpretations.  Rose diagram shows paleocurrents 
measured form crossbedding.  Lithology colors shown. 
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Figure 21.  Photos of the offshore facies association (FA6) within the Red Pine Shale 
(top) and upper member of the Outlaw Trail formation (bottom).  Hammer is 
approximately 30 centimeters long and compass is approximately 8 centimeters long.  
Note the thin, discontinuous sandstone lenses in the upper photo (just below hammer). 
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present within the Outlaw Trail formation (figure 20) and the Red Pine Shale (figure 22), 
and may also be present within the lower Hades Pass formation on Goslin Mountain 
where the UMG is unexposed.  These deposits can be black, to red, to green with rare, 
thin-bedded sandstone lenses less than two meters in length.  Within the middle and 
upper members of the Outlaw Trail formation, this facies association lies above the 
mudflat facies association, while in the Red Pine Shale, it lies below the mudflat facies 
association.  The offshore facies association is only present to the north within the 
Outlaw Trail formation, where it is up to 30 meters thick, and within the Red Pine Shale, 
where it is greater than 30 meters thick.   
This facies association is interpreted as offshore based on the abundance of shale, 
lack of subaerial exposure, and relationship to the mudflat facies association (FA5). 
 
Paleocurrent data statistics 
 
 Vector means, angular deviations, and statistical tests using the Mann-Whitney U 
method are presented to document variations in paleocurrent trends throughout the 
stratigraphic section.  All data are presented in tabular form (tables 2 and 3).  
Paleocurrent populations are divided by formation, facies association, and/or sedimentary 
structure where divisions were seen fit.  Also cross-strata forset dip angles throughout the 
stratigraphy are presented as histograms (figure 23).  Forset dip angles show normal to 
slightly positive-skewed distributions with mean angles ranging between 20° to 24°.   
 
Vector means 
 
 Vector mean and angular deviation values are shown for all formations and/or 
facies associations in table 2.  Results show dominant west-southwest paleoflow trends
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Figure 22.  Stratigraphic section of the Red Pine Shale exposed on the northern flank of 
Goslin Mountain showing sample locations, sedimentary structures, and paleocurrents 
inferred from crossbedding and convolute lamina axes.  The lower ~35 meters represents 
the offshore facies association (FA6) and the upper ~90 meters represents the mudflat 
facies association (FA5). 
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Table 2.  Sample numbers, vector means, and angular deviation values for all 
paleocurrent data observed in this study.  (Paleocurrent directions are inferred from cross-
strata forset dip directions unless specified otherwise.) 
 
 
 
 
 
Table 3.  Statistical test results, using the Mann-Whitney U method, comparing 
paleocurrent sample populations obtained from cross-strata forset dip directions.  (Zud = 
Diamond Breaks formation, Zuo = Outlaw Trail formation, Zuc = Crouse Canyon 
formation, Zuh = Hades Pass formation.) 
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Figure 23.  Histograms showing dip angles observed in UMG cross-strata throughout the 
study area, showing all cross-strata (A), FA2 cross-strata (B), FA3 cross-strata (C), FA4 
cross-strata (D) and FA5 cross-strata (E).  Bin size for all histograms is 5°.  Sample size 
(n) and mean angles for all populations are also shown. 
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within FA3 (from crossbedding forset dip directions).  FA3 is present throughout the 
southern part of the field area and lower part of the UMG stratigraphic section within the 
Diamond Breaks, Outlaw Trail, and lower Crouse Canyon formations.  Northwest 
paleoflow trends are present within FA2 and FA1 (from crossbedding forest dip 
directions and clast imbrications, respectively).  FA2 is present throughout the northern 
part of the field area and upper part of the stratigraphic section within the upper Crouse 
Canyon and Hades Pass formations, while FA1 is present in the northern part of the field 
area within the Hades Pass formation.  Northwest paleoflow trends are also present 
within FA4 and FA5 (from cross-strata forest dip directions, ripples trends, convolute 
lamina axes, and parting lineations).  FA4 and FA5 are present during transgressive
intervals; FA4 has been identified within the Outlaw Trail formation only and FA5 has 
been identified within both the Outlaw Trail formation and the Red Pine Shale.  Angular 
deviation is greatest within the lowest-energy depositional environment where current 
indicators were measured, FA5 (table 2). 
  
Mann-Whitney U two-tailed tests 
 
 Two-tailed statistical test results using the Mann-Whitney U method are presented 
to evaluate whether or not different populations of paleocurrent data, as defined by cross-
strata forset dip directions, are significantly different.  The paleocurrent data are divided 
by formation and/or facies association as shown in table 3.  Fourteen statistical analyses 
were performed; the populations analyzed and their associated calculated U values, 
degrees of freedom (DF1 and DF2), and probabilities (P) for the acceptance of the null 
hypothesis (i.e., that both samples are not significantly different) are presented (table 3).  
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P-values greater than 0.05 suggest the two populations in question are not significantly 
different. 
 Results show that FA3 paleocurrent populations in different stratigraphic intervals 
are the same, with the exception of the analysis between the Outlaw Trail and lower 
Crouse Canyon formations.  FA3 and FA2 are statistically different, which is shown in 
test results between the lower and upper Crouse Canyon formation.  Conversely, 
populations of FA2 paleocurrent data within the upper Crouse Canyon and Hades Pass 
formation are not statistically different.  Also trends within FA4 and FA5 are not 
statistically different, as well as trends between FA2 and FA5 (table 3).  
 
Interpretation 
 
Results show strong similarities between similar facies associations across 
stratigraphic boundaries and suggest similar environments existed within the eastern 
UMG basin throughout much of its depositional history.  Intervals containing more north-
directed paleocurrent measurements are restricted to either trangressive intervals or to 
more northern parts of the field area and/or upper parts of the stratigraphic section within 
coarser facies associations (FA1 and FA2).  Because of a lack of coarser-grained and/or 
conglomeratic deposits within equivalent upper eastern UMG strata south of the field 
area (Hansen, 1965; Hansen et al., 1981, 1982; Hansen and Rowley, 1991; De Grey, 
2005), proximity to the north is considered the most probable explanation for more 
northward-directed paleoflow within the eastern UMG basin.  This likely reflects tilted 
depositional slopes towards an active northern UMG basin margin, which is consistent 
with other interpretations of active margins in predominantly alluvial basins (e.g., Steel 
and Aasheim, 1978; Nilsen and McLaughlin, 1984).  This suggests a half-graben 
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geometry to the eastern UMG basin, where its tectonically-active northern margin 
influenced depositional slopes and subaqueous deposition within the basin.  
 
Palynology of organic shales 
 Eleven samples from the fine-grained facies associations (FA5 and FA6) within 
the field area and just outside the field area to the west (within the Dutch John 7.5’ 
quadrangle) were analyzed for palynomorphs.  Three of the samples were taken from the 
Outlaw Trail formation, one from a shale marker in the upper Crouse Canyon formation 
where exposed to the west, three from shale markers in the lower Hades Pass formation 
where exposed to the west, and four from the Red Pine Shale (table 4; appendix D).  The 
most abundant palynomorphs found were Leiosphaeridia spp., which were present in all 
samples, and algal filament fragments.  No other palynomorphs were observed from the 
Outlaw Trail formation or the upper Crouse Canyon formation.  Within the Hades Pass 
and Red Pine Shale samples, however, Eosaccharomyes sp. and Trachysphaeridium 
lamintarium were also observed.   
 These palynomorph assemblages all suggest shallow water environments. 
Microfossils of the genus Leiosphaeridia are generally planktonic, while all other 
microfossils found more than likely represent benthic organisms (Sprinkel and Waanders, 
2005).  All samples likely represent forms of cyanobacteria (blue-green algae) and would 
have needed sunlight to photosynthesize, therefore they are associated with shallow water 
environments within the photic zone (Horodyski, 1993).  These environments could be 
interpreted as shallow marine, freshwater, or tidal flat.  However, similar Neoproterozoic 
microfossils assemblages reported by Knoll et al. (1991) were interpreted to be associated 
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Table 4.  Palynology results of samples collected from organic shales (FA5 and FA6) 
within the study area and correlative strata to the west. 
 
Sample Formation Microfossils Easting Northing 
T.A.I. 
(eqv. Ro) 
GM 112007-2 
 
 
Red Pine Shale 
 
 
Leiosphaeridia spp.,  
Eosaccharomyes sp.,  
Trachysphaeridium laminaritum,  
Algal filament fragments 
641436 
 
 
4537308 
 
 
0.8-1.0 
 
 
GM 112007-3 
 
 
Red Pine Shale 
 
 
 
Leiosphaeridia spp.,  
Algal filament fragments 
 
641410 
 
 
4537299 
 
 
0.8-1.0 
 
 
GM 052008-1 
 
 
Red Pine Shale 
 
 
Leiosphaeridia spp.,  
Eosaccharomyes sp.,  
Trachysphaeridium laminaritum,  
Algal filament fragments 
641530 
 
 
4537641 
 
 
0.8-1.0 
 
 
GM 052008-2 
 
 
Red Pine Shale 
 
 
Leiosphaeridia spp.,  
Eosaccharomyes sp.,  
Algal filament fragments 
 
641521 
 
 
4537625 
 
 
0.8-1.0 
 
 
SC 070908-1 
 
 
lower Hades 
Pass fm. 
 
Leiosphaeridia spp.,  
Eosaccharomyes sp.,  
Trachysphaeridium laminaritum,  
Algal filament fragments 
631956 
 
 
4532310 
 
 
0.8-1.0 
 
 
DJ 061008-1 
 
 
lower Hades 
Pass fm. 
 
Leiosphaeridia spp. (smaller size), 
Eosaccharomyes sp.,  
Trachysphaeridium laminaritum,  
Algal filament fragments 
633523 
 
 
4532071 
 
 
1.0-1.3 
 
 
DJ 061008-2 
 
 
lower Hades 
Pass fm. 
 
 
Leiosphaeridia spp.,  
Algal filament fragments 
 
633559 
 
 
4532062 
 
 
1.0-1.3 
 
 
CB 061008-1 
 
 
upper Crouse 
Canyon fm. 
 
 
Leiosphaeridia spp. 
 
 
631736 
 
 
4530025 
 
 
0.7-0.9 
 
 
OT 052108-1 
 
 
upper Outlaw 
Trail fm. 
 
 
Leiosphaeridia spp. 
 
 
651084 
 
 
4527806 
 
 
0.7-0.9 
 
 
OT 052707-5 
 
 
lower Outlaw 
Trail fm. 
 
 
Leiosphaeridia spp.,  
Algal filament fragments 
 
654494 
 
 
4522627 
 
 
0.7-0.9 
 
 
OT 052707-6 
 
 
lower Outlaw 
Trail fm. 
 
 
Leiosphaeridia spp. 
 
 
654494 
 
 
4522627 
 
 
0.7-0.9 
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with the high intertidal and supratidal zones, suggesting a similar tidal flat interpretation 
for the UMG. 
This variation in microfossil assemblages shows a trend of increasing diversity up 
section, which is consistent with the findings of Sprinkel and Waanders (2005) and Nagy 
and Porter (2005), who both show similar trends.  Sprinkel and Waanders (2005) suggest 
this change may be the result of evolutionary changes occurring in the Neoproterozoic at 
the time (Knoll, 1996).  Another possible explanation could be simply shifting 
environmental conditions as noted by Knoll et al. (1991).  The latter interpretation seems 
most consistent with the findings of this study based on microfossil assemblages reported 
in western UMG strata (as is discussed subsequent chapters), however, further 
paleontological studies within the field area and adjacent UMG strata would help clarify 
existing interpretations.    
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PETROGRAPHY 
 
 
Samples analyzed 
 
 Thirty-six thin sections were analyzed petrographically and point counted using 
the traditional point-counting method.  Out of these 36 samples, there are five from the 
Diamond Breaks formation, three from the lower Outlaw Trail member, six from the 
middle sandstone Outlaw Trail member, six from the upper Outlaw Trail member, six 
from the Crouse Canyon formation, four from the Hades Pass formation, and six from the 
Red Pine Shale.  In terms of facies associations, four are from the interbedded braided 
fluvial sandstone and conglomerate association (FA2), 13 are from the braided fluvial 
sandstone association (FA3), five are from the low-energy braided fluvial sandstone 
association (FA4), 11 are from the mudflat association (FA5), and three are from the 
offshore association (FA6).  For a complete summary of all samples analyzed and raw 
point count data, see appendix D.     
 
Petrographic trends 
 
All samples are quartz-rich sandstones that contain varying amounts of feldspar 
and lithic fragments (figures 24 and 25).  To better differentiate samples containing 
anomalously high concentrations of polycrystalline quartz, a QmFLt ternary diagram is 
presented, where all polycrystalline quartz is counted as lithics (figure 25).  Feldspar 
grains dominantly consist of plagioclase and appeared most abundantly in the Outlaw 
Trail formation within the mudflat facies association (FA5) and the low-energy braided 
fluvial facies association (FA4), where arkose is interbedded with quartz and some lithic 
arenite (figure 26).  All samples taken from the braided fluvial sandstone facies 
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Figure 24.  QtFL diagram showing the compositions of the thirty-six sandstone thin 
sections analyzed in this study. Qt=monocrystalline and polycrystalline quartz, 
F=feldspar, L=lithics. 
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Figure 25.  QmFLt diagram showing the compositions of the 36 sandstone thin sections 
analyzed in this study. Qm=monocrystalline quartz, F=feldspar, Lt=lithics including 
polycrystalline quartz. 
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Figure 26.  QmKP diagram showing the composition of the 36 sandstone thin sections 
analyzed in this study. Qm=monocrystalline quartz, K=potassium feldspar, 
P=plagioclase. 
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association (FA3), which includes all Diamond Breaks and Crouse Canyon formation 
samples, plot as quartz to sublithic arenite (figure 25).  All samples within the 
interbedded braided fluvial sandstone and conglomerate facies association (FA2) plot as 
sublithic to lithic arenite (figure 25).  Samples within the low energy braided fluvial 
(FA4), mudflat (FA5), and offshore (FA6) facies associations were variable and ranged 
from arkose to lithic arenite to quartz arenite (figure 25). 
Anomalously high amounts of feldspar within the Outlaw Trail formation and, to 
a lesser degree, within the Red Pine Shale, may reflect a number of factors.  Simple 
variations in provenance could be solely or in part responsible.  An alternate 
interpretation could integrate the fact that feldspar weathers more easily than quartz, 
therefore it would be expected to find feldspar concentrated in lower-energy depositional 
settings and/or finer-grained sediment due to hydraulic sorting (e.g., Folk, 1980).  This 
interpretation is consistent with the identification of arkosic samples within the three 
lowest energy depositional settings identified in this study: FA4 (low-energy braided 
fluvial), FA5 (mudflat), and FA6 (offshore).  Other possible interpretations could include 
climate as a factor, where strata enriched in feldspar could reflect aridity, although such 
interpretations often involve more petrographically/petrologically complex studies than is 
presented in this report (e.g., Folk, 1980).  Also increased subsidence leading to rapid 
burial of arkosic sediment may play a role in its preservation; however, such 
interpretations are hard to make with confidence. 
In the lower part of the section (Diamond Breaks and lower Outlaw Trail 
formations), samples show an enrichment of non-undulatory monocrystalline quartz.  
Farther up section (upper Outlaw Trail formation, Crouse Canyon formation, Hades Pass
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formation, and Red Pine Shale), the amount of non-undulartory monocrystalline quartz 
decreases, where it is lowest within all Red Pine Shale samples (figure 27).  This 
variation is coincident with a slight increase in the abundance of polycrystalline quartz up 
section and proximity to the northern edge of the field area, which is near the presumed 
northern UMG basin boundary during Neoproterozoic time.  Reasons for this variation 
are likely due to provenance. 
Some studies have attempted to infer provenance based on relative abundances of 
the type of quartz present (e.g., Basu et al., 1975; Tortosa et al., 1991).  These studies are 
based on trends observed in the abundance of undulatory monocrystalline quartz and 
polycrystalline quartz having greater than three crystals per grain, which suggests a 
metamorphic source (Basu et al., 1975).  Following the method presented by Basu et al. 
(1975), a diamond diagram for all 36 thin sections analyzed is presented (figure 28).  
Results suggest a mixed, but predominant mid to upper rank metamorphic provenance 
using the interpretation of Basu et al. (1975).  Despite some reservations in using this 
method (see Blatt and Christie (1963) for scrutiny in using undulatory quartz in 
provenance studies), this seems consistent with probable source rocks east of the UMG 
basin, where several mid to upper rank metamorphic sources exist in the Precambrian 
basement of Colorado (Tweto, 1987) and rocks of the Grenville orogeny further east 
(Link et al., 1993).  Detrital zircon data from UMG samples (De Grey, 2005; Brehm, 
2007; Mueller et al., 2008; Kingsbury, 2008; this study) help further constrain 
provenance interpretations.   
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Figure 27.  Quartz ternary diagram showing the relative amounts of different types of 
quartz within the 36 sandstone thin sections analyzed in this study. Qmu=monocrystalline 
undulatory quartz, Qmn=monocryatalline non-undulatory quartz, Qp=polycrystalline 
quartz. 
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Figure 28.  Diamond diagram plot, after Basu et al. (1975), showing the 36 sandstone thin 
sections analyzed in this study. 
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Paleoenvironmental implications 
 
Two thin sections within the offshore facies association (FA6) of the upper 
member of the Outlaw Trail formation contain significant quantities of oolitic grains, 
chert grains, carbonate, and green, possibly glauconitic, grains (figures 29, 30, and 31).  
These grains are significant because of their interpreted intrabasinal affinity, which 
reflects specific environmental conditions that existed during deposition (e.g., Garzanti, 
1991).  This substantiates a brief synopsis of those provided herein; however, a more 
thorough study of their genesis and implications is encouraged.   
 
Oolitic grains, chert grains, and carbonate 
 
 Several oolitic grains are found in sample GRSH-9B, some appearing in more 
developed stages than others (figure 29).  Grains range in size from ~0.5 to 1.0 mm in 
length and consist of multiple concentrically-layered alternations of carbonate and iron 
oxide minerals, a few which display an irregular, mammillated appearance, and a few 
which have connected together.  Nuclei are often, but not exclusively, composed of 
quartz grains.  Some grains have been broken by transport.  Others appear to have either 
grown in situ or were soft during deposition as evidenced by the influence of adjacent 
grains to their morphology (figure 29). 
 These structures may represent algal oncolites that reflect shallow water 
biological activity (i.e., Peryt, 1983a).  However, if their irregular appearance is 
interpreted to show in-situ growth between interlocking grains, this would suggest their 
interpretation as vadose pisolites (e.g., Peryt, 1983b).  The latter interpretation implies 
subaerial exposure, which is possible considering the close association between FA6 
(offshore) and FA5 (mudflat) and the interpreted shallow water depth of many UMG
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Figure 29.  Photographs of oolitic grains taken from sample GRSH-9B of the upper 
member of the Outlaw Trail formation within the offshore facies association (FA6).  
Oolitic grains are up to 1 millimeter in diameter and irregular in appearance.  Some 
appear plastically deformed, suggesting they were soft during deposition (left-hand side, 
bottom and second from the top photos), while others have been broken (left-hand side, 
second from the bottom photo).   
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deposits based on microfossil assemblages (Sprinkel and Waanders, 2005; Nagy and 
Porter, 2005; this study).   
 Serveral chert grains are found throughout the samples analyzed, but they are by 
far most abundant in FA6 (offshore), where they make up ~13.5 percent of sample 
GRSH-9B (figure 30).  Their enrichment in this facies association along with other grains 
interpreted as intrabasinal suggests a likewise interpretation (e.g., Garzanti, 1991).  
Grains range in size from ~0.25 to 1.00 mm in diameter and appear rounded to 
subrounded.  They may represent the erosional remnants of marine hardgrounds or 
pedogenic duricrusts (e.g., Garzanti, 1991). 
 Carbonate is identified within three samples, one with minor amounts in the lower 
member of the Outlaw Trail formation (FA5; mudflat) and two with significant amounts 
in the upper member of the Outlaw Trail formation (FA6; offshore).  In sample GRSH-
9B, carbonate occurs as cement, oolitic coatings, micritic grains, and authigenic euhedral 
rhombs (figure 30).  X-ray diffraction analysis of sample GRSH-9B suggests dolomite is 
the most abundant carbonate mineral.  In sample GRSH-10, carbonate occurs as cement 
(~19.6 percent; figure 31) and micritic grains.  This suggests that either carbonate 
deposition took place in offshore environments within the Outlaw Trail formation, 
possibly in a shallow marine environment, or carbonate material was derived 
pedogenically within the vadose zone. 
 Collectively, the prescence of these three constituents in the upper part of the 
Outlaw Trail formation is also suggestive of calcrete formation, which is relatively 
common in alluvial facies (e.g., Turner, 1980).  UMG facies and fining-upward 
sequences, specifically within the middle to upper Outlaw Trail formation (discussed in
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Figure 30.  Photographs of chert grains (ch) and euhedral authigenic carbonate (ca; likely 
dolomite) within sample GRSH-9B.  Chert is most abundant within FA5 and FA6, 
reaching a maximum of 13.5 percent of grains within sample GRSH-9B.  
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Figure 31.  Photograph of carbonate-cemented sandstone (sample GRSH-10) within FA6 
of the upper Outlaw Trail formation showing green, possibly glauconitic, grains (A) and 
abundant plagioclase feldspar (pink stain in B).  Carbonate was only identified within the 
lower and upper fine-grained members of the Outlaw Trail formation (samples SCOT-3, 
GRSH-9B, and GRSH-10).    
 
 
 
73
     
subsequent chapters), show similarities to other fining-upward alluvial sequences, 
including those observed in the Devonian Old Red Sandstone (e.g., Allen, 1964).  
Likewise, the Old Red Sandstone contains hundreds of calcrete profiles, which are prone 
to occur in the upper portions of fining-upwards alluvial cycles (e.g., Allen, 1974).  
Taking into account the alluvial facies and fining-upwards cycles observed in the UMG, 
the identification of calcrete profiles seems entirely in context.    
 
Green grains 
 
A few green, possibly glauconitic, grains are found in thin sections GRSH-9B and 
GRSH-10 within the upper Outlaw Trail formation (figure 31).  These grains are not 
abundant enough to be counted as points during the provenance analysis.  Grains range 
from ~0.1 to 0.5 mm in diameter, appear rounded where they are not obscured by 
adjacent grains, and are light green to green in color.  The formation of glauconite is a 
good indicator for marine environments with low deposition rates.  Glauconization can 
occur on a variety of grains including organic-rich pellets, biotite (e.g., Triplehorn, 1966), 
muscovite (Wermund, 1961) and feldspar (Chaudhuri et al., 1994), not to mention others.  
Because these grains are so few and deformed, the presence of glauconite could not be 
confirmed with confidence.  However, glauconite has been previously reported in the 
UMG just west of the study area within the Dutch John 7.5’ quadrangle (Hansen, 1965).  
If these grains, and/or others in the UMG, can be definitively identified as glauconite, this 
would strongly suggest a marine environment. 
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DETRITAL ZIRCON ANALYSIS 
 
Samples analyzed 
 
 Detrital zircon analyses of seven samples taken throughout the stratigraphic 
section are presented: three quartz arenite samples from the braided fluvial sandstone 
facies association (FA3) within the Diamond Breaks (DBDZ-1), Outlaw Trail (OTDZ-1), 
and Crouse Canyon (CCDZ-2) formations, one arkosic arenite sample from the low-
energy braided fluvial facies association (FA4) within the Outlaw Trail formation 
(OTDZ-2), one sublithic arenite sample from the interbedded braided fluvial sandstone 
and conglomerate facies association (FA2) within the Hades Pass formation (CCDZ-1), 
and two samples within the mudflat facies association (FA5) within the Red Pine Shale 
(FSDZ-1 & 2; figure 32).  See appendix E for all zircon data presented in this study.   
All samples except for CCDZ-1 (Hades Pass formation) show a Grenville-age 
peak at ~1.1 Ga as the most significant population.  Other significant zircon populations 
of lesser magnitudes within the samples include ~1.4, ~1.8, and ~2.7 Ga peaks.  A few 
grains yielded ages of ~780 Ma or less (one in CCDZ-2, three in OTDZ-2, and 3 in 
FSDZ-1).  Some of these younger ages (~500 to 600 Ma) may have been introduced by 
contamination from the standard used on the grain mount during analysis.  Other young 
grains (~780 Ma) are likely part of a small population previously identified by De Grey 
(2005; one grain) and Brehm (2008; one grain) and may represent the maximum 
depositional age for the UMG (Dehler et al., in review).  However, because this 
population is statistically insignificant, it is not discussed in detail in this report.  
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Zircon population trends 
 
All three quartz arenite samples from FA3 show similar populations dominated by 
strong ~1.1 Ga and lesser ~1.4 Ga peaks (figures 33, 34, and 35).  Minor differences 
include a larger ~1.8 Ga grain population within sample DBDZ-1 and a slightly larger 
~2.7 Ga population within sample CCDZ-2.  These results show that the dominant source 
from the east is Grenville-aged and is prominent throughout FA3 in the southern part of 
the study area.  The presence of Grenville-aged grains is consistent with the data of 
Mueller et al. (2007) from within the UMG and Rainbird et al. (1992), who hypothesize 
an extensive westward river system originating from the Grenville Orogen during the 
Neoproterozoic.  Another less extensive sediment source could have also included the 
~1.1 Ga Pikes Peak Batholith of Colorado (Tweto, 1987).  The ~1.4 Ga population 
accompanying the ~1.1 Ga grains is likely from the east also; possible sources include the 
rocks of the Berthoud Plutonic Suite of Colorado (Tweto, 1987), which is part of the 
greater transcontinental Proterozoic provinces of Van Schmus et al. (1993).  The slightly 
larger ~2.7 Ga population within CCDZ-2 (Crouse Canyon formation) may reflects its 
closer proximity to the Archean Wyoming Craton north of the UMG basin.  The ~1.8 Ga 
peak is interpreted to coincide with orogenic events along, and just south of, the 
Cheyenne Belt (e.g., Chamberlain, 1998).   
 The arkosic arenite sample (OTDZ-2) from FA4 within the Outlaw Trail 
formation contains equally prominent ~1.1 and ~2.7 Ga populations, as well as a strong, 
but less prominent ~1.8 Ga population (figure 36).  This plot is nearly identical to a 
previous detrital zircon analysis of a feldspathic wacke within FA5 of the Outlaw Trail 
formation in the Swallow Canyon Quadrangle to the east (sample SCUMG-9 of De Grey,
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Figure 33.  Detrital zircon plot for sample DBDZ-1 (n=96).  Taken from the braided 
fluvial sandstone facies association (FA3) within the Diamond Breaks formation. 
 
 
Figure 34.  Detrital zircon plot for sample OTDZ-1 (n=108).  Taken from the braided 
fluvial sandstone facies association (FA3) within the Outlaw Trail formation.  
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Figure 35.  Detrital zircon plot for sample CCDZ-2 (n=96).  Taken from the braided 
fluvial sandstone facies association (FA3) within the Crouse Canyon formation. 
 
   
Figure 36.  Detrital zircon plot for sample OTDZ-2 (n=95).  Taken from the low-energy 
braided fluvial facies association (FA4) within the Outlaw Trail formation.   
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2005; figure 37).  Feldspar within these two samples is interpreted to be derived from the 
Archean Wyoming Craton to the north, which is consistent with previous UMG 
provenance studies (Wallace, 1972; Sanderson, 1978; Condie et al., 2001; Mueller et al., 
2007; Kingsbury, 2008).   
The sublithic arenite sample from FA2 within the lower Hades Pass formation 
contains a very strong ~1.8 Ga population accompanied by less prominent ~1.1 and ~2.7 
Ga populations (figure 38).  The strong ~1.8 Ga population indicates sediment was 
mostly derived locally from the vicinity of the Cheyenne Belt.  This is consistent with the 
observation of interbedded conglomerate clasts being composed of Red Creek Quartzite, 
which has been previously correlated with the Libby Creek Group of southern Wyoming 
along the ~1.8 Ga Cheyenne Belt suture (Sears et al., 1982; Karlstrom and Houston, 
1984). 
 One sublithic (FSDZ-2/GM-1B) and one subarkosic (FSDZ-1/GMSH-7) arenite 
sample are presented from FA5 within the Red Pine Shale (figures 39 and 40).  Both 
samples show very similar populations to samples collected within FA3 and contain 
prominent ~1.1 Ga populations accompanied by lesser ~1.4 Ga populations and even 
lesser ~2.7 Ga populations.  Despite the proximity of these samples to the Archean 
Wyoming Craton to the north, sediment was largely derived from eastern Proterozoic 
sources. 
 
Paleogeographic implications 
 
 Sediment sources containing ~1.1 and ~1.4 Ga grains are best associated with 
FA3, which represents the most widespread facies association of the eastern UMG and 
dominates the southern part of the study area.  These grains are interpreted to have been
80
     
0
1
2
3
4
600 1000 1400 1800 2200 2600 3000 3400 3800
Age of detrital zircon grains (Ma), sample SCUMG-9 
N
um
be
r o
f g
ra
in
s
R
elative probability
One Grain, 
with ages 
758+/-9 and 
779+/-11 
Ma
Rodinia-
rifting 
Grenville
Province
Trans-continental
Proterozoic Province
Yavapai and 
Mazatzal 
Provinces
Wyoming Province
 
Figure 37.  Detrital zircon plot for sample SCUMG-9 (n=47) of De Grey (2005).  Taken 
from the mudflat facies association (FA5) within the lower member of the Outlaw Trail 
formation of the Swallow Canyon 7.5’ quadrangle to the southeast. 
 
 
Figure 38.  Detrital zircon plot for sample CCDZ-1 (n=98).  Taken from the braided 
fluvial sandstone interbedded with conglomerate facies association (FA2) within the 
lower Hades Pass formation. 
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Figure 39.  Detrital zircon plot for sample FSDZ-1 (n=74).  Taken from the mudflat 
facies association (FA5) within the Red Pine Shale. 
 
 
Figure 40.  Detrital zircon plot for sample FSDZ-2 (n=86).  Taken from the mudflat 
facies association (FA5) within the Red Pine Shale. 
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transported by a large, westward-flowing basin-axial river system that filled the UMG 
basin during Neoproterozoic time.  However, these grains can also dominate the finer-
grained FA5, as seen in samples FSDZ-1 and FSDZ-2 within the Red Pine Shale.  
Despite the fact these samples were taken from low-energy facies associations and are the 
northern-most UMG exposures in the study area, they show a very minimal influence of 
Archean sediment from the Wyoming Craton to the north.  They are interpreted to 
represent sediment of a basin-marginal subaqueous environment along the northern 
margin of the UMG basin.  This environment would at times prevent northern-derived 
Archean sediment from prograding into the basin. 
Sediment sources containing ~2.7 Ga grains represent Archean sources from the 
north and are associated with arkosic intervals within FA4 and FA5 of the Outlaw Trail 
formation and with proximity to the north within FA3 and FA2 of the Crouse Canyon and 
Hades Pass formations.  These grains are interpreted to reflect sediment from basin-
flanking transverse drainage systems that have been largely reworked by the northern 
fringe of a larger, westward-flowing, basin-axial drainage system.  At times, these 
Archean sediments/grains diluted more significant proportions of mixed Proterozoic 
sediments/grains from the east.  In the case of the Outlaw Trail formation, a low-energy, 
low-relief mudflat environment may have provided ideal conditions for the mixture of 
basin-axial and basin-normal detritus.   
 Sediment sources containing ~1.8 Ga grains are best associated with FA2 within 
the Hades Pass formation (CCDZ-1), although prominent populations are also found in 
FA4 of the Outlaw Trail formation (OTDZ-2) and FA3 of the Diamond Breaks formation 
(DBDZ-1).  These sediments/grains are interpreted to represent parts of FA2, FA3, and 
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FA4 where sediment has been derived from the northeast along, and just south of, the 
Cheyenne Belt.  This grain population is most exclusively found within the lower Hades 
Pass formation likely because of its proximity to the northern basin margin and lack of 
arkosic sediment. 
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STRATIGRAPHY AND PALEOGEOGRAPHY 
 
Formations 
 
 
Diamond Breaks formation 
 
 Outcrops of the Diamond Breaks formation within the study area contain only 
FA3 and are interpreted to represent a west-southwest flowing braided fluvial 
environment throughout the entire 600 meters exposed in the study area.  This 
interpretation is in accord with previous studies (e.g., Hansen, 1965; Bryant, 1985; De 
Grey, 2005) and fits well with the provenance interpretation of sample DBDZ-1.  During 
deposition of the Diamond Breaks formation, an extensive braided fluvial system sourced 
from the east encompassed the southern part of the study area.  Petrographic results show 
that this source was dominated by non-undulatory quartz. 
 
Outlaw Trail formation 
 
 Outcrops of the Outlaw Trail formation contain a mixture of FA3, FA4, FA5, and 
FA6 in northern exposures and FA3 and FA4 in southern exposures within the study area.  
The formation is up to ~300 meters thick and has been subdivided into three fine-grained 
members and one coarser-grained fluvial member.  The lower fine-grained member is a 
30 to 35 meter-thick interval of FA5 and is sharply underlain and overlain by FA3.  This 
lower member is covered by younger deposits under Browns Park in the central part of 
the study area (near the mouth of Tollivers Canyon) and can be traced eastward for tens 
of kilometers along the southern flank of Browns Park into Colorado.  Middle and upper 
fine-grained members are only present in northern exposures within the study area and 
mark the top of two roughly 100 to 130 meter-thick upward-fining sequences.  Both 
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sequences grade upwards from FA3 and the base, to FA4, FA5, and FA6 respectively, 
and are sharply overlain by FA3 (figure 41).  The middle fine-grained member is ~60 
meters thick and is best exposed at the mouth of Tollivers Canyon while the upper fine-
grained member is ~80 meters thick and is best exposed along the Green River.  Laterally 
to the south these fine-grained members transition into FA4 within the study area. 
 Geologic mapping, facies, and paleoflow analysis suggest a rough northeast-
trending shoreline existed between the subaqueous and braided fluvial deposits of the 
upper two upward-fining sequences of the Outlaw Trail formation (figure 42).  The tilting 
of the depositional slope northward and the restriction of these subaqueous deposits to the 
north likely reflects a tectonic control related to the rifting of the UMG basin during the 
Neoproterozoic.  This tectonic control likely influenced paleogeography by restricting 
subaqueous deposition to the northern basin margin in a similar manner to that of the 
Devonian Hornelen Basin in Norway (Steel and Aasheim, 1978; Andersen and Cross, 
2001).  This is consistent with the work of Brehm (2007) on the Jesse Ewing Canyon 
Formation, who documents fan-delta deposition along the northern UMG basin margin, 
which is common along active basin margins (e.g., McPherson et al., 1987).      
These fluvial to offshore transitions could be interpreted as either marine or non-
marine.  Because of the general lack of good fossil control within Precambrian 
successions, the discrimination between lacustrine and shallow marine deposits is often 
difficult to discern (Eriksson et al., 1998).  Non-marine interpretations for these strata 
rely on assumptions that either (a) a marine body of water did not exist directly west of 
the UMG basin during deposition, or (b) subaqueous eastern UMG deposits were 
paleogeographically isolated from correlative marine strata to the west, perhaps in an
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Figure 42.  Generalized paleogeographic maps showing interpreted paleogeography of 
the Diamond Breaks formation, the lower member of the Outlaw Trail formation, the 
upper member of the Outlaw Trail formation, and the Crouse Canyon formation.  Arrows 
denote paleocurrent directions.  Gray lines and arrows denote inferred environments that 
may have existed existed to the north in correlative unexposed strata. 
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isolated sub-basin during the early stages of UMG rifting (e.g., Gawthorpe and Leeder, 
2000).  A non-marine interpretation is plausible due to the lack of conclusive tidal 
evidence, the abundance of red-colored sediments and their association with non-marine 
deposits (i.e., Turner, 1980), similarities with Devonian red beds interpreted as alluvial/ 
non-marine (e.g., Allen, 1964; Turner, 1980), and the fact that greater than 90% of the 
strata were deposited in a fluvial (non-marine) environment.  If these deposits are non-
marine, then these environments could be interpreted as floodplains and/or basin margin 
lacustrine environments, which are common along active faults in alluvial basins (e.g., 
Steel and Aasheim, 1978; Gawthorpe and Leeder, 2000).       
A marine interpretation is also plausible, especially in context with previous 
marine interpretations for the eastern UMG (Hansen, 1965; Dehler et al., 2007) and 
correlative strata to the west (Wallace, 1972; Crittenden and Wallace, 1973; Ehlers et al., 
1997; Dehler et al., 2007).  If the Outlaw Trail formation is interpreted as marine, an 
estuarine model is favored, where a marine incursion flooded the UMG basin from the 
west.  Estuarine deposition is common during marine transgressions into fluvial basins 
(i.e., Reinson, 1992).  Using an estuarine depositional model, four sub-environments are 
recognized: braided fluvial (FA3), upper estuarine channel (or low energy braided fluvial; 
FA4), tidal flat (or mudflat; FA5), and estuarine bay (or offshore; FA6; figure 43).  This 
is similar to that of the correlative Big Cottonwood Formation to the west, where Ehlers 
and Chan (1999) also interpret an estuarine setting and report similar paleocurrent trends 
to those observed within the Outlaw Trail formation.  However, tidal rythmites were 
identified in the Big Cottonwood Formation within the “laminated argillite facies” of 
Ehlers and Chan (1999; similar to FA5 presented in this study) to document a tidal 
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Figure 43.  Interpreted estuarine depositional model for the Outlaw Trail formation.  
Modified from Allen (1991). 
 
 
 
 
90
     
signature and marine influence from the west.  Although no tidal rythmites were 
identified during this study, the possibility of their occurrence within the Outlaw Trail 
formation is entirely possible and should be a topic of future study in the area.  Also 
oolitic grains, green grains, and carbonate found within the formation likely imply 
important environmental indicators that may shed light on this interpretation and should 
be addressed in future studies. 
 
Crouse Canyon formation 
 
 Outcrops of the Crouse Canyon formation contain dominantly FA3 with some 
FA2 near the top of the formation on Goslin Mountain.  The formation is ~2.7 kilometers 
thick and sharply overlies the Outlaw Trail formation.  The depositional environment is 
braided fluvial, much like the Diamond Breaks formation, and is interpreted as west-
southwest flowing.  However, towards the top of the formation, within FA2, paleocurrent 
measurements are exclusively northwest directed.  This is likely a tectonic influence 
related to active faulting along the northern basin margin, which produced a north-
dipping paleoslope within the basin consistent with paleocurrent measurements of FA1, 
FA2, FA4, and FA5 and the restriction of subaqueous deposits to the northern part of the 
study area within the Outlaw Trail formation.   
These interpretations are consistent with the provenance analysis of sample 
CCDZ-2, which is similar to that of DBDZ-1 despite a slight increase in the ~2.7 Ga 
zircon population (a likely result of its closer proximity to the Wyoming Craton to the 
north).  Petrographic analysis of Crouse Canyon formation samples also show a slight 
increase in undulatory monocrystalline quartz when compared with samples of the 
Diamond Breaks formation.  This could show that east-northeastern sediments containing 
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non-undulatory monocrystalline quartz within the Diamond Breaks formation were 
diluted by sediments coming from a different source to the north, or that the lithology of 
the source in the east has changed.  Because Crouse Canyon samples closely plot with 
petrographic samples analyzed from the coarser, more proximal Hades Pass formation, 
which contains a larger population of ~2.7 Ga grains and slightly more polycrystalline 
quartz, this change in the percentage of non-undulatory monocrystalline quartz may 
reflect the influence of a more proximal, northern sediment source. 
 
Hades Pass formation 
 
 Outcrops of the Hades Pass formation contain dominantly FA2 and subordinate 
FA1, which comprise a ~1.8 kilometer-thick unit.  The lower contact of the formation is 
drawn at the base of the first occurrence of FA1, which forms a prominent marker across 
Goslin Mountain and is mapped by Hansen (1961a, 1965) as a marker interval.  Four 
fine-grained marker intervals also exist near the base of the formation in the adjacent 
Dutch John 7.5’ quadrangle to the west.  Although none of these intervals are exposed 
within the study area, they can be laterally-traced eastward as recessive covered intervals 
using aerial photography and are mapped within the study area.  These markers are likely 
composed of FA5, FA6, and possibly FA4, however a study of correlative UMG facies 
westward is needed to better constrain these depositional environments.  Paleocurrent 
measurements within FA1 and FA2 are northwestward and are interpreted as the northern 
fringe of a westward flowing axial drainage system influenced by tectonic activity along 
the basin boundary fault zone to the north.   
 The provenance analysis of sample CCDZ-1 (lower Hades Passe formation) 
shows prominent ~1.8 and ~2.7 Ga zircon populations, which is consistent with their 
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derivation from the Wyoming Craton to the north and the Cheyenne Belt and vicinity to 
the northeast.  Petrographic samples of the Hades Pass formation also show a notable 
increase in polycrystalline quartz of likely metamorphic origin, which may be locally 
derived from the Red Creek Quartzite considering the observed clast composition of 
interbedded conglomerate.  Although petrographic samples were not analyzed from the 
fine-grained markers near the base of the formation, they likely represent similar 
environments to that of the Outlaw Trail formation, and would probably show a mixture 
of northern and eastern sediment sources in their provenance.        
 
Red Pine Shale 
 
 Outcrops of the Red Pine Shale contain a mixture of FA5 and FA6 and reach a 
near 200 meter thickness before being truncated by the Uinta fault on the north side of 
Goslin Mountain.  This is the easternmost exposure of the formation; it is best exposed in 
the western Uinta Mountains along all flanks of the range, where it is 1,800 meters thick 
(Wallace, 1972).  The lower contact is covered within the study area.  The lower ~30 
meters of the exposed part of the formation consists of FA6 and grades into FA5 up 
section.  This overall coarsening/shallowing upward trend is consistent with observations 
of the Red Pine Shale westward, where it has been interpreted to represent a prograding 
deltaic environment (Dehler et al., 2007; Brehm, 2008).  A similar interpretation to that 
of Dehler et al. (2007) and Brehm (2008) for the Red Pine Shale is favored in this study, 
where FA6 would represent the prodelta and FA5 would represent the delta front/delta 
plain.  Paleoflow measurements suggest a northwest-tilted slope based on soft sediment 
fold axes and northeastern flow based on crossbedding, indicating that subaqueous 
environments may have been restricted, or perhaps deepest, along the northern basin 
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margin.  The lack of a strong arkosic component, as seen within the Outlaw Trail 
formation, likely reflects a provenance dominated by eastern sources within a basin-axial 
drainage system.  
 These interpretations are consistent with the analysis of samples FSDZ-1 and 
FSDZ-2, which both show near identical detrital zircon populations of grains dominantly 
derived from eastern sources (specifically ~1.1 and ~1.4 Ga grain populations).  This is 
similar to the detrital zircon analysis of samples DBDZ-1, OTDZ-1, and CCDZ-2, which 
are also interpreted as being dominated by mixed Proterozoic sediment sources to the 
east.  Petrographic results of the Red Pine Shale also show an increase in the amount of 
undulatory monocrystalline quartz relative to all other samples analyzed.  This may 
indicate a change in source, a change in the quartz type at the source, or, assuming that 
more mature quartz arenites are enriched in non-undulatory monocrystalline quartz (e.g., 
Blatt and Christie, 1963), that Red Pine Shale sediment has undergone fewer sedimentary 
cycles relative to other strata observed throughout the field area.  
 
Stratigraphic interpretation 
  
Three lower-order maximum flooding surfaces are interpreted to exist within the 
stratigraphic section based on the aerial extent of their associated fine-grained marker 
intervals; all coincide with shale marker intervals that can be mapped throughout the 
eastern Uinta Mountains (Sprinkel and Rybczynski, in review; De Grey and Dehler, 
2005).  These surfaces are associated with the lower fine-grained member of the Outlaw 
Trail formation, the lower fine-grained markers of the Hades Pass formation, and the 
lower Red Pine Shale.  Associated transgressive surfaces, which are likely much more 
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difficult to locate due to the non-marine environment interpreted for much of the eastern 
UMG, have not been identified in this study.    
The lower member of the Outlaw Trail formation, and associated maximum 
flooding surface, can be mapped along the southern flank of Browns Park from within the 
study area southeastward for tens of kilometers into Colorado.  This is the only area of 
the Uinta Mountains where the Outlaw Trail formation has been identified; its exposure 
along the northeast flank of Browns Park remains speculative (see Brehm, 2007).  
Following the work of Stone (1993), its stratigraphic location from the base of the UMG 
is close to 5 kilometers.   
The lower fine-grained markers of the Hades Pass, and associated maximum 
flooding surface, can be traced westward from Goslin Mountain, where they dip below 
the surface in the Flaming Gorge Quadrangle (Hansen, 1955).  This interval can also be 
traced along the southern flank of the Uinta Mountains where it has already been mapped 
as a shale marker interval (Hansen et al., 1981, 1982; Hansen and Rowley, 1991; see 
Sprinkel and Rybczynski, in review).  Progressing westward, this interval correlates with 
a shale marker interval mapped by Wallace (1972) as the base of the Hades Pass 
formation (Sprinkel and Rybczynski, in review).   
The Red Pine Shale, and associated maximum flooding surface, can be correlated 
with previous mapping in the Uinta Mountains west of the study area (Bryant, 1992; 
Sprinkel and Rybczynski, in review).  Its outcrop within the study area is the eastern-
most identified exposure of the unit.  Other small exposures within the Uinta fault zone 
exist west of this area to Sheep Creek (located in the northwestern corner of the Dutch 
John 30’ by 60’ quadrangle), where a continuous section can easily be traced laterally 
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throughout the entire western half of the range (see Sprinkel and Rybczynski, in review, 
and Bryant, 1992).   
Sequence stratigraphic interpretations are difficult to evaluate with confidence in 
the eastern Uinta Mountain Group.  This is likely because the strata is largely interpreted 
as non-marine and was deposited in an intracratonic setting, which is characterized by 
low depositional slopes, thus making it difficult to see progradational geometries 
(Lindsay et al., 1993).  However, a rough interpretation can be inferred based on the three 
interpreted maximum flooding surfaces described above.  In this light, the ~5.6 
kilometers of UMG strata exposed in the study area are interpreted to represent the 
portions of at least three lower-order (second order?) depositional sequences.  The 
magnitude of the three transgressive intervals associated with these sequences appears to 
increase up section.  The Outlaw Trail formation only contains three fine-grained 
markers, the lower Hades Pass contains at least four fine-grained markers within the 
study area (at least one is thicker than all three of the Outlaw Trail fine-grained 
members), and the Red Pine Shale, although truncated by the fault, is the thickest 
package of shale found in the study area and can be easily correlated throughout the 
western Uinta Mountain Group.  This suggests the Red Pine Shale represents the most 
significant widespread transgression recorded in the eastern Uinta Mountain Group, 
followed by transgressions associated with the lower Hades Pass formation and Outlaw 
Trail formation respectively.  If microfossil assemblages found in the Uinta Mountain 
Group simply reflect shifting environmental conditions (as opposed to evolutionary 
changes), where more diverse microfossil assemblages likely reflect seaward equivalents 
of less diverse assemblages containing only Leiosphaeidia spp. and algal filament 
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fragments, then the three transgressions documented within the study area onlap each 
other in a landward direction.  This interpretation is favored in this study and is consistent 
Knoll et al. (1991), who studied similar, but more diverse Neoproterozoic microfossil 
assemblages within the Draken Conglomerate Formation of Spitsbergen.      
Higher-order interpretations (third order?) can also be made for some individual 
fine-grained intervals including those within the Outlaw Trail formation.  Here the upper 
two fine-grained members mark the tops of two fining-upwards sequences, recording the 
transition between fluvial and offshore environments (figure 41).  Fining upwards 
sequences are common in estuarine environments during transgressions that flood river 
valleys (i.e., Reinson, 1992).  In this respect, the Outlaw Trail formation could represent 
an estuarine environment similar to that of the correlative Big Cottonwood Formation 
(Ehlers and Chan, 1999) and other ancient estuarine settings (e.g., Wheeler et al., 1990; 
Richards, 1994).  Similarly, many fluvial-floodplain/lacustrine environments are also 
capable of producing fining-upwards sequences of differing magnitudes (e.g., Miall, 
1992), thus a non-marine interpretation may also be feasible.        
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DISCUSSION 
 
 
Implications for correlation of the Uinta Mountain Group 
 
 Six western UMG formations have previously been proposed for subdivision; 
these include the Red Pine Shale, Hades Pass formation, Red Castle formation, Mt. 
Watson Formation, Dead Horse Pass formation, and Moosehorn Lake formation 
(Williams, 1953; Wallace and Crittenden, 1969; Wallace, 1972; Sanderson, 1984).  
Geologic mapping (Sprinkel and Rybczynski, in review; this study) show two of these 
formations, the Red Pine Shale and the Hades Pass formation, can be correlated into the 
eastern half of the Uinta Mountains.  Similar correlations of western and eastern UMG 
strata can also be less confidently inferred (figure 44). 
 In the western Uinta Mountains the ~1 kilometer thick Mount Watson Formation 
underlies the Hades Pass formation (Wallace, 1972; Sanderson, 1978).  This formation 
transitions eastward into the Mount Aggassiz and Dead Horse Pass formations (Wallace, 
1972) before becoming the fluvial strata within the ~2.7 kilometer thick Crouse Canyon 
formation of the eastern Uinta Mountain Group.  The substantially thicker Crouse 
Canyon formation may reflect either its correlation to strata equivalent to and below the 
Mount Watson Formation (including the Moosehorn Lake formation and underlying 
undivided UMG) or simply a thickness change reflecting a closer proximity to its 
sediment source.  If this reflects only a thickness change, then the up to ~300 meter thick 
fine-grained Moosehorn Lake formation underlying the Mount Watson Formation can be 
correlated to the Outlaw Trail formation, leaving the undivided UMG sandstones of 
Wallace (1972) below the Moosehorn Lake formation to correlate with the Diamond 
Breaks formation. 
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   Palynology results from organic shale samples taken from both the Outlaw Trail 
formation and the Moosehorn Lake formation (Sprinkel, unpublished data) are strikingly 
different; Outlaw Trail samples only contain assemblages of Leisospaeridia and algal 
filament fragments while Moosehorn Lake samples contain diverse assemblages of 
Leisospaeridia spp., algal filament fragments, Trachysphaeridium lamintarium, Satka sp., 
Trachysphaeridium laufeldii, Eosaccharomyces sp., Valeria lophostriata, and 
Trachyhystrichosphaera sp.  If a correlation between the Outlaw Trail (or Crouse 
Canyon) and Moosehorn Lake formations is made, a significant environmental change 
must have taken place between the two to produce such different assemblages.  Such an 
environmental change is consistent with the work of Knoll et al. (1991), where 
microfossil diversity would increase seaward from continental deposits.  This emphasizes 
the precautions taken in using these palynomorphs for correlative purposes when detailed 
paleoenvironmental interpretations have not been established. 
 Finally, the Red Castle formation, which is located only along the northern part of 
the range in the western Uintas, represents a sheetflood environment (Winston, personal 
communication), likely on a floodplain restricted to the northern basin margin (Kingsbury 
[2008] interprets the upper part of the formation as tidally-influenced).  Its stratigraphic 
position suggests it is laterally equivalent to the Moosehorn Lake formation and 
underlying undivided UMG to the west and the Crouse Canyon formation (and possibly 
the Outlaw Trail and Diamond Breaks formations as well) to the east.  The formation is 
largely composed of arkosic sediment derived from the Archean Wyoming Craton to the 
north (Kingsbury, 2008), consistent with the interpretation of arkosic sediment within the 
Outlaw Trail formation (this study) being derived, in part, from northern sources.   
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Implications for basin type 
 
 Data presented in this study support the interpretation of the UMG basin as either 
an elongate rift or strike-slip basin along the southern margin of the Wyoming Craton.  
Geologic mapping and facies analysis show coarsening of strata to the north.  Detrital 
zircon analyses, petrographic analysis, and facies associations show that some 
subaqueous environments were restricted to the northern part of the basin as well.  Also 
northwest-directed paleocurrent measurements along the northern part of the study area 
(FA2) deviate from previous paleocurrent studies of the Uinta Mountain Group showing 
southwest to west paleoflow (Hansen, 1965; Wallace, 1972; Stone, 1986; Bryant, 1985; 
De Grey, 2005), which suggests tectonic tilting of the northern UMG basin floor to the 
north.  Collectively these observations are interpreted to show an active northern UMG 
basin margin during deposition of the Uinta Mountain Group in a rift or strike-slip 
setting.  This interpretation is consistent with the conclusions of Stone (1993), who 
defines the primary rift faults to coincide with the Uinta-Sparks fault on the north and the 
Uinta Basin boundary fault zone on the south side of the Uinta Mountains.  Although 
Stone (1993) interprets the UMG basin as an aulacogen (contrary to Condie et al., 2001), 
his interpretation is consistent with his definition of an aulacogen, which follows the 
nomenclature of Milanovsky (1981).  This definition characterizes aulacogens by the 
long duration of their development and ability for regeneration, rather than being 
pigeonholed as failed rift arms.  Stone (1993) points out that aulacogens may sometimes 
form parallel to a generating tectonic zone or orogen (rather than occurring orthogonal to 
a new, opening ocean basin as a failed rift) and are not always, although they often are, 
associated with layered volcanic deposits (Milanovsky, 1981).  Thus the distinction 
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between an aulacogen (Stone, 1993) and an intracratonic basin (Condie et al., 2001) for 
the UMG basin appears to be a matter of semantics. 
 Progressing up section throughout the strata exposed in the field area, the 
increasing magnitude of the three lower-order transgressions and their landward onlap 
(described in the previous chapter) illustrates the evolution of the of the UMG basin.  
During early stages of extensional basin formation, basin boundary fault zones often 
begin as disconnected fault segments, resulting in restricted lacustrine environments 
along active fault segments and marine incursions that only flood selected basinward 
parts of the basin (e.g., Gawthorpe and Leeder, 2000).  In this respect, the older 
transgressions of the Outlaw Trail and lower Hades Pass formations could represent less 
aerially extensive marine incursions and/or isolated lacustrine environments within an 
underdeveloped rift setting.  Over time, as the basin margin fault zone matured (linking 
together isolated fault segments), transgressions would become more widely spread 
throughout the basin and more easily correlated, as is the case with the greater than one 
kilometer-thick Red Pine Shale (Brehm, 2008).  Because some subaqueous deposits were 
restricted to the north in the eastern UMG basin (this study), and eastern UMG strata is 
titled to the north under its contact with the Cambrian Lodore Formation (Stone, 1993), a 
half-graben geometry is favored (i.e., Leeder and Gawthorpe, 1987).  This basin 
geometry may account for the low thermal alteration indices observed in organic material 
preserved in the UMG (Sprinkel and Waanders, 2005; this study) through increased 
subsidence to the north, tectonic tilting of the basin floor to the north, and/or decreased 
sediment thickness to the south.     
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Previous studies suggest an east-west extensional tectonic regime for the western 
United States during Neoproterozoic time beginning at ~900 Ma (i.e., Seeley, 1999; 
Timmons et al., 2001).  Consequently, this makes the east-west trend of the UMG basin 
hard to explain.  Alternatively, the formation of the UMG basin may be related to strike-
slip motion along the Cheyenne Belt, as previously suggested a possibility by Stone 
(1993).  Right-lateral strike-slip movement along the basin margin could explain the 
onlap of the lower-order transgressions, low thermal maturity of organic material, 
thickness of Uinta Mountain Group sediments, and likely high sedimentation rates within 
the UMG basin.   
If right-lateral movement occurred along the northern UMG trough during 
deposition, we would expect to see “skewed” stratigraphy within the basin where older, 
more continental strata would become translated westward relative to younger, more 
marine strata.  In this light, observations made by Wallace (1972) and Sanderson (1978), 
who interpret northern-derived arkosic sediment sources to have been reworked by 
westward longshore drift and/or an axial fluvial system, may be re-interpreted to show 
right-lateral offset along the basin margin.  Syndepositional dextral motion can also be 
inferred based on the landward onlap, or increased magnitude, of the low-order 
transgressions and the increasing diversity of the microfossil assemblages present in 
younger strata observed within the field area.  This interpretation assumes microfossil 
diversity is dependent upon paleogeography, which contrasts the interpretation of 
Sprinkel and Waanders (2005), who suggest the increase in biodiversity up section to be 
related to evolutionary changes that occurred during the Proterozoic (e.g., Knoll, 1996). 
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 Similarly, right-lateral offset along the northern basin margin could also explain 
the great thickness of the Uinta Mountain Group sediments and inferred high 
sedimentation rates.  Many basins with strike-slip boundaries have been shown to contain  
great thicknesses of sediment within them including the Ridge Basin of Southern 
California (~12 kilometers; May et al., 1993), the Hornelen Basin (~25 kilometers; Steel 
and Aasheim, 1978; Andersen and Cross, 2001), and the Little Sulphur Creek Basin (~5 
kilometers; Nilsen and McLaughlin, 1984), not to mention others.  Depositional rates in 
these strike-slip basins were between 2.5 and 3 meters per 1,000 years (Nilsen and 
McLaughlin, 1984).  Taking into account upper and lower age constrains for Uinta 
Mountain Group deposition (which are interpreted as 742 and 766 Ma, respectively; 
Dehler et al., in review), estimated depositional rates are at least greater than ~0.5 meters 
per 1,000 years, and are likely comparable to those of other strike-slip basins.  Nilsen and 
McLaughlin (1984) also point out that basin floors are generally tilted toward the active 
right-slip-fault margins so that the basin axes and depocenters are subparallel and shifted 
towards this margin (figure 45).  This observation fits well with the facies and paleoflow 
analyses of the eastern Uinta Mountain Group (this study).  Furthermore, right-lateral 
strike-slip deformation has previously been reported along the Cheyenne Belt suture, 
although it was interpreted to have occurred much earlier than Uinta Mountain Group 
deposition (between 1750 and 1400 Ma; Duebendorfer and Houston, 1987).  Within and 
east of the study area, Swayze (1985) also favors a right-lateral shear interpretation for 
rotated blocks of Red Creek Quartzite and points out right-lateral offset along a 
significant fault within Red Creek Quartzite (Swayze, 1985, p. 38).     
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Figure 45.  Basin-scale paleoflow map for the Devonian Hornelen Basin of western 
Norway showing tectonic tilting towards the active northern basin margin (modified from 
Steel and Aasheim, 1978).  Similar tectonic tilting is inferred for the UMG basin. 
 
 
 
Figure 46.  Conceptual block diagram illustrating the origin of the Ridge Basin at a 
releasing bend along the San Gabriel fault, southern California (from May et al., 1993).  
A similar basin model for the Uinta Mountain Group could account for the low thermal 
maturities observed despite its great sedimentary thickness. 
 
105
     
Thermal alteration indicies are surprisingly low for the Uinta Mountain Group 
considering its age and its thickness (Sprinkel and Waanders, 2005; this study).  Sprinkel
et al., (2002) interpreted these low values to suggest that the eastern Uinta Mountain 
Group is less than 4 kilometers thick, in contrast to the results of this study as well as 
many others (Hansen, 1965; Stone, 1993; De Grey, 2005; Dehler et al., 2007; Brehm, 
2007).  Alternatively, right-lateral offset could be used to account for low thermal 
maturity values in a depositional model similar to what was suggested for the Ridge 
Basin of southern California (figure 46; May et al., 1993), where a low-angle listric 
normal fault underlies the basin, thus preventing the deep burial of sediments and 
accounting for low thermal maturities.  This type of depositional setting is similar to the 
middle Devonian basins of western Norway, where several thick alluvial basins were 
deposited in the hanging wall of the Nordfjord-Sogn Detachment Zone, a regional low-
angle detachment in a zone of dextral transtension (Osmundsen and Anderson, 2001; 
Osmundsen et al., 1998).  Similarly, a good analogue to the Uinta Mountain Group in 
terms of facies, sediment thickness, and paleocurrent patterns is the Devonian Hornelen 
Basin of western Norway, which contains ~25 kilometers of sediment (Steel and 
Aasheim, 1978; Anderson and Cross, 2001; Osmundsen and Andersen, 2001).  For these 
reasons, strike-slip offset may have played a role in the formation of the UMG basin. 
 In reality, the formation of the UMG basin remains speculative.  However, 
whatever factors contributed to its formation must have resulted in low thermal maturities 
of UMG strata, a great thickness of stratigraphy (up to 10 or 11 kilometers), presumed 
high sedimentation rates, tectonic tilting of the basin floor to the north, and the restriction 
of some subaqueous deposits to the northern basin margin.  In accord with these 
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conclusions, a half-graben style rift, a strike-slip basin, or some combination of the two is 
preferred for the interpretation of the UMG basin.  
A relatively simplistic tectonic setting could have involved mere extension 
orthogonal to the southern margin of the Cheyenne Belt to produce an east-west trending 
half-graben.  The basin’s location would have been influenced by the pre-existing 
structure of the southern margin of the Wyoming Craton.  Although this hypothesis can 
easily explain the sedimentation patterns within the UMG basin, the basin’s tectonic 
setting in a regional context would still remain unclear.  Perhaps sediment loading from a 
transcontinental river system (e.g., Rainbird et al., 1992) may have been the principle 
factor in UMG basin subsidence.  This may account for the shallow water environments 
observed in the UMG basin and the lack of volcanic deposits associated with its 
formation.  
Another possible tectonic setting for this basin may have involved post-orogenic 
extension of over-thickened crust, possibly related to the Grenville orogeny and/or the 
Mid-Continent Rift to the east.  Considering the amount of Grenville-aged detritus that 
flooded the western United States during Neoproterozoic time (e.g., Rainbird et al., 1992; 
Stewart et al., 2001; Mueller et al., 2007; this study), we would expect rocks involved in 
the Grenville orogeny to be a significant paleogeographic high at the time.  Following the 
culmination of northwest convergence during the Grenville orogeny (i.e, Hoffman, 1989), 
extension dominated foreland areas of the central and southwestern United States during 
the Neoproterozoic (i.e., Seeley, 1999; Timmons et al., 2001).  A possible mechanism 
driving this extension may have involved the gravitational collapse of over-thickened 
crust (i.e., Rey et al., 2001; Liu, 2001) possibly as a consequence of the Grenville  
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orogeny or the combination of a heat source at the base of the crust (possibly generated 
by Grenville tectonism and/or the Mid Continental Rift) and far field stresses (i.e., Van 
Der Pluijm et al., 2002; Streepy et al., 2004).  As this hypothetical extensional stress field 
moved inland into Laurentia from the east, it interacted with the stable Wyoming Craton.  
Along the southern margin of the Wyoming Craton, this interaction was manifested as a 
right-lateral strike-slip zone, where the Wyoming Craton acted as a buttress.  
Additionally, tectonic stresses produced from the emplacement of the ~780 Ma Gunbarrel 
Magmatic event to the northwest (Harlan et al., 2003) may have also facilitated dextral 
motion from the west.  Deformation would have been concentrated along the Cheyenne 
Belt suture between more stable Archean crust to the north and less stable Proterozoic 
crust to the south.  As a result, the UMG basin may have formed as a fault-wedge basin 
emanating from the southeast corner of the Wyoming Craton and forming along its 
southern margin (figure 47).  A strike-slip setting for the UMG basin is also somewhat 
supported by the lack of volcanic deposits associated with its formation, which are 
common in aulacogen and rift settings (i.e., Burke, 1977; Van Schmus & Hinze, 1985; 
Ebinger et al., 1993).                
   
Marine versus nonmarine interpretations 
  
Both marine and non-marine interpretations exist for subaqueous deposits within 
the Uinta Mountain Group.  Marine and non-marine distinctions are often difficult to 
ascertain for Precambrian strata due to the lack of fossil control, good age control, and 
correlative strata (e.g., Eriksson et al., 1998).  Although much of the eastern Uinta 
Mountain Group is interpreted to represent an alluvial setting, a marine interpretation is
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Figure 47.  Generalized tectonic map for the western margin of Laurentia during the 
Neoproterozoic showing hypothesized tectonic regimes (black arrows), inferred 
Neoproterozoic structures (black lines), and outcrops of Neoproterozoic rocks (red 
polygons).  Note the dominant north-trending tectonic grain despite an east-trending 
UMG basin.  The formation of the UMG basin may have involved right-lateral strike-slip 
motion along the southern margin of the Wyoming Craton.  Approximate location of the 
Wyoming Craton is shown in yellow.  Modified from Timmons et al. (2001). 
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favored for most of the subaqueous deposits encountered in this study based on facies 
analysis, microfossil assemblages, and correlative strata to the west.  (It is important to 
note, however, for reasons discussed previously, that this interpretation is not accepted 
without reservations.) 
Alluvial basin subsidence models generally suggest that floodplain sediments are 
more prone to tectonically-inactive parts of basins (i.e., Bridge and Leeder, 1979).  
Because subaqueous/mudflat deposits observed in this study are more closely associated 
with coarse material and tilted depositional slopes associated with an active northern 
margin of the basin (which is in accord with previous interpretations; Sanderson and 
Wiley, 1986; Brehm, 2007; Dehler et al., 2007), their interpretation as merely non-marine 
floodplain deposits seems problematic.  Additionally, microfossils observed within the 
Uinta Mountain Group resemble those documented in a Neoproterozic tidal setting by 
Knoll et al. (1991).  Previous estuarine interpretations for the fining upward sequences 
observed within the Outlaw Trail formation (Rybczynski et al., 2008) and within the Big 
Cottonwood Formation to the west (Ehlers and Chan, 1999) are consistent with these 
observations.  Although further paleontological work and facies analysis of correlative 
Uinta Mountain Group stratigraphy, including the documentation of tidal cyclicities 
similar to that of the Big Cottonwood Formation (Ehlers and Chan, 1999), are needed to 
give a marine interpretation considerably more confidence, this study considers a marine 
interpretation, by a slim margin, most plausible.     
 
Future work 
 
 Although significant strides have been made in studying the stratigraphy and 
correlation of the Uinta Mountain Group, significant room for improvement remains.   
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Areas in need of future work include the continuation of geologic mapping of the Uinta 
Mountain Group on a 1:24,000 scale, facies analyses of correlative strata, including an 
analysis of possible tidal indicators, microfossil analyses, thermal maturity analyses, and 
the analysis of possible kinematic structures related to right-lateral shearing during Uinta 
Mountain Group deposition.  Such work will undoubtedly contribute to working 
paleogeographic interpretations and tectonic settings for the UMG basin to better 
understand the evolution of the western Cordilleran margin during the middle 
Neoproterozoic. 
 Further detailed geologic mapping is needed along the northern flank of Browns 
Park from Owiyukuts Mountain (Willow Creek Butte 7.5’ quadrangle) east to make 
better, more confident correlations of eastern Uinta Mountain Group strata.  Current 
correlations of strata to this area are based on air photo work and gross lithology (i.e., 
Hansen, 1965).  As a result, this has led to separate correlations involving either the 
uppermost (Sprinkel and Rybczynski, in review) or the lowermost Uinta Mountain Group 
stratigraphy (Hansen, 1965; Brehm, 2007).  Further geologic mapping coupled with 
detailed facies analyses, including the measurement of paleocurrent indicators, may help 
better evaluate these contrasting correlations. 
 Detailed geologic mapping and facies analyses west of the field area would also 
help better establish the interpreted paleogeography of the area.  If strong 
paleogeographic interpretations can be established and correlated throughout the Uinta 
Mountain Group, reliable sequence stratigraphic interpretations can be formulated.  These 
data could be used to help distinguish marine and non-marine subaqueous environments 
if paleogeographic changes are shown to be influenced by a large body of water to the 
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west, rather than smaller isolated bodies of water within the basin.  The recognition of 
tidal structures and tidal rythmites similar to those documented in the correlative Big 
Cottonwood Formation to the west (Ehlers and Chan, 1999) would also be strong 
evidence for a marine setting.  This would support estuarine interpretations for the 
Outlaw Trail formation, as well as other transgressive intervals throughout the Uinta 
Mountain Group, and may be used to establish eustatic correlations with the Big 
Cottonwood Formation. 
 The integration of microfossil analyses with Uinta Mountain Group facies would 
aid not only in paleogeographic correlations within the UMG basin, but also in 
comparisons with similar Neoproterozoic settings (e.g., Knoll et al., 1991).  Although 
microfossil studies have already been conducted within the Uinta Mountain Group (i.e., 
Nagy and Porter, 2005; Sprinkel and Waanders, 2005), they have yet to be integrated in 
detail with specific subenvironments (e.g., Knoll et al., 1991), which may further support 
marine interpretations.  Thermal alteration indicies inferred from the color of organic 
material observed in these specimens should also be analyzed.  These data could be used 
to develop basin subsidence models for the UMG basin, which would help distinguish 
basin type and tectonic setting of the Uinta Mountain Group during the Neoproterozoic. 
 Lastly, a kinematic analysis could be performed on structures within the Uinta 
Mountain Group, and Precambrian rocks along the southern Cheyenne Belt in the vicinity 
of the Uinta Mountain Group, to determine if a right-lateral strike-slip component 
accompanied UMG basin formation.  The identification of possible syndepositional 
structures within the Uinta Mountain Group suggesting right-lateral motion are crucial 
for the acceptance of a strike-slip setting for the UMG basin.  This would better help 
112
     
establish the tectonic setting for this part of Rodinia during the Neoproterozoic, which 
remains speculative (e.g., Seeley, 1999). 
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CONCLUSIONS 
 
 
 The eastern Uinta Mountain Group within the study area is a ~5.6 kilometer thick 
section and can be divided into five formations.  The upper two formations, the Red Pine 
Shale and Hades Pass formation, have been correlated from the western Uinta Mountain 
Group (Wallace, 1972) and the lower three formations, the Crouse Canyon, Outlaw trail, 
and Diamond Breaks formations, have been modified and correlated from eastern Uinta 
Mountain Group strata within the Swallow Canyon 7.5’ quadrangle to the southeast (De 
Grey, 2005).  Three low-order transgressions are recorded in the section and are marked 
by the presence of fine-grained intervals of mappable proportion.  These transgressions 
are recorded within the Outlaw Trail formation, the base of the Hades Pass formation, 
and the Red Pine Shale, and appear to onlap each other in a landward direction. 
 Six separate depositional environments are interpreted to exist within the section 
ranging from high- to low-energy braided fluvial environments to mudflat to offshore.  
The most dominant environment is represented by medium to fine-grained braided fluvial 
sandstone, which exists throughout the central and southern parts of the study area and is 
interpreted to represent a massive, westward-flowing basin-axial braided fluvial system 
that dominated the UMG trough during Neoproterozoic time.  Coarser, higher-energy 
fluvial environments are restricted to the northern part of the study area.  At times, 
subaqueous deposits were also restricted to the northern part of the study area, as is the 
case with the upper two fine-grained members of the Outlaw Trail formation, where a 
northwest-trending shoreline has been interpreted.  Offshore deposits may be interpreted 
as either non-marine or marine, although a marine setting seems slightly more plausible.  
Microfossil assemblage diversity increases up section within these subaqueous intervals 
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and may represent high intertidal and supratidal zones (Knoll et al., 1991; Sprinkel and 
Waanders, 2005). 
 In terms of sediment provenance, both eastern and northern sources have been 
interpreted petrographically.  Sediment interpreted as east-derived (which is most 
abundant in FA3) is dominated by quartz arenite, while sediment interpreted as north-
derived contains a distinct arkosic component that appears most prominently within the 
Outlaw Trail formation.  Feldspar is most abundant in transgressive intervals and consists 
of primarily plagioclase.  This feldspathic source was likely derived from the Archean 
Wyoming Craton to the north before being incorporated within a large, westward-flowing 
basin-axial fluvial system that dominated much of the eastern UMG basin. 
 Eastern and northern sources can be interpreted from detrital zircon analyses as 
well.  Eastern sources are dominated by ~1.1 (Grenville) and ~1.4 Ga (transcontinental 
Proterozoic Province) zircon populations, which are present in most samples, but are 
most exclusively associated with FA3 and quartz arenite within FA5.  Northern sources 
contain strong ~2.7 Ga zircon populations (Wyoming Craton), which are most 
exclusively associated with arkosic sandstones within transgressive intervals (FA4 and 
FA5) and proximity to the north in some fluvial intervals (FA2 and FA3).  A third 
northeastern(?) source has also been identified, represented by dominant ~1.8 Ga 
populations (accreted terrains on the Cheyenne Belt), which is present in most fluvial 
intervals, but found most exclusively in FA2.   
These results suggest that during lower-order highstands, which occur during 
major transgressions above interpreted lower-order maximum flooding surfaces (e.g., the 
Outlaw Trail formation, the lower Hades Pass formation, and the Red Pine Shale), either 
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eastern or northern sources can dominate UMG sediments.  When eastern sources 
dominate, this may indicate either a higher-order lowstand (e.g., FA3 within the Outlaw 
Trail formation) or the presence of a body of water along the northern UMG basin margin 
that restricted the progradation of northern-derived sediment into the basin (e.g., FA5 
within the Red Pine Shale).  When more arkosic northern sources are present, this may 
indicate a flat, relatively low-energy environment existed ideal for the mixture of 
preservation of sediment derived from both sources.  Conversely, during lower-order 
lowstands, which could be interpreted for most of the eastern UMG presented in this 
study (e.g., the Diamond Breaks formation, the Crouse Canyon formation, and FA2 
within the Hades Pass formation), eastern sediment sources usually dominate, especially 
in the southern part of the field area.  Progressing northward towards the inferred basin 
margin, northern and northeastern sediment sources become more prominent (e.g., 
sample CCDZ-1 in the lower Hades Pass formation).    
 Multiple lines of evidence can be used to show an active northern margin of the 
UMG basin.  These include the coarsening of stratigraphy in the northern part of the field 
area, the restriction of subaqueous deposits to the northern basin margin during 
transgressive intervals, and the tilting of the UMG basin northward as inferred by 
paleoflow analysis.  This is consisitent with previous studies that interpret an active 
northern margin (Hansen, 1965; Sanderson and Wiley, 1986; Condie et al., 2001; Dehler 
et al., 2007; Brehm, 2007).  The UMG basin may represent a half-graben style rift, a 
strike-slip basin, or a combination of the two.  In any event, the interpretation of the 
eastern UMG basin must take into account the landward onlap of lower-order 
transgressions, a great thickness of sediment (up to 10 or 11 kilometers), low thermal 
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maturity of sediment despite its great thickness, presumed high rates of deposition, 
northward tilting of the basin margin, the restriction (or deepening) of some subaqueous 
deposits toward the northern basin margin, the lack of associated volcanic deposits, and 
an east-west trend despite an interpreted north-south tectonic grains for this region of 
Laurentia during Neoproterozoic time.  Previous interpretations of dextral shear in the 
Red Creek Quartzite just west of the study area (Swayze, 1985) suggest strike-slip motion 
may have played a role, however syndepositional structures supporting this hypothesis 
have not been identified.   
One possible tectonic setting for UMG basin formation may be related simply to 
extension orthogonal to the southern margin of the Wyoming Craton, although the forces 
driving this extension remain unclear.  Another possible tectonic setting may be related to 
the post-orogenic collapse of over-thickened crust, a possible consequence of the 
Grenville orogeny and/or Mid Continental Rift, and its interaction with the Wyoming 
Craton.  As over-thickened crust collapsed (facilitated by gravity and/or a heat source 
near the bottom of the crust coupled with far-field stresses), stresses would have 
converged with the stable Wyoming Craton, which would have acted as a buttress.  As a 
result, right-lateral movement may have occurred along the southern margin of the 
Wyoming Craton and accompanied the formation of UMG basin.  The emplacement of 
the 780 Ma Gunbarrel Magmatic event to the northwest (Harlan et al., 2003) may have 
also facilitated this dextral movement.  This basin preceded, or may have been involved 
in, the initial breakup of the supercontinent Rodinia.       
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Appendix A: Strike and dip data 
All dip directions are 90 degrees greater than given strike values (right-hand rule).   
 
Easting Northing Strike Dip 
651336 4527841 240 9
651272 4527613 228 7
651328 4527395 245 7
651226 4527391 335 4
650645 4527675 232 13
650692 4527610 232 12
650805 4527624 195 7
649807 4527834 168 13
648222 4530220 215 17
655047 4523994 160 15
655075 4523851 252 2
655058 4523746 208 5
655122 4523525 9 2
655085 4522946 110 5
655056 4522691 195 8
655041 4522677 245 16
654992 4522568 120 16
654833 4522578 136 12
654475 4522565 150 12
654308 4522973 35 3
653193 4532746 210 11
654494 4522627 125 9
641674 4537414 255 34
641569 4537425 203 33
645961 4533715 250 18
643957 4534405 261 27
640591 4536106 278 50
645744 4526116 240 12
644210 4529363 237 29
644339 4529437 304 7
644408 4529454 239 9
654428 4523155 64 9
654308 4522973 98 8
654113 4522295 99 2
654094 4522225 270 7
654069 4522184 136 9
654069 4522184 133 18
654080 4522390 119 7
653209 4523780 228 31
653139 4523560 194 14
652982 4523346 233 6
652940 4523218 190 18
652940 4523218 193 3
652898 4523156 165 9
652762 4523103 219 10
652686 4523117 226 20
652686 4523117 248 11
652617 4523222 241 6
643672 4530284 297 23
645528 4530227 272 26
646436 4529709 271 20
647195 4529580 251 16
647518 4528359 262 9
648700 4528005 244 3
651163 4527577 216 8
650361 4527552 252 10
651204 4527590 213 3
637288 4529279 251 20
637288 4529279 173 6
639194 4529153 95 9
640710 4530204 217 13
640710 4530204 239 12
643493 4529883 304 16
645189 4530073 313 21
645200 4530056 283 23
645494 4530163 295 19
646445 4530738 271 16
647311 4529414 178 29
647616 4528700 262 22
647616 4528700 345 25
641784 4536883 227 27
641828 4536921 216 26
641924 4536429 172 41
641741 4536538 185 42
641514 4535795 248 41
641197 4536224 280 34
640170 4535876 291 29
640616 4535455 275 26
640616 4535455 287 39
640616 4535455 288 37
640616 4535455 287 39
646162 4533488 265 19
646162 4533488 250 23
646162 4533488 264 25
646392 4533545 262 24
646392 4533545 202 25
646392 4533545 202 20
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646929 4533268 189 40
646790 4533335 225 23
642872 4534179 259 28
642958 4534088 261 28
642958 4534088 136 28
642958 4534088 263 18
648342 4530139 265 18
648342 4530139 259 19
648342 4530139 170 15
648342 4530139 226 14
648342 4530139 271 31
648293 4530004 231 19
648110 4529979 257 10
648110 4529979 222 9
648110 4529979 248 22
648110 4529979 222 18
648127 4530080 251 17
648127 4530080 218 12
648127 4530080 275 15
649029 4528155 260 18
649029 4528155 239 15
648915 4528095 277 32
647499 4528351 279 15
647504 4528370 294 10
647499 4528396 271 12
647534 4528334 281 13
647535 4528474 337 13
647582 4528518 33 16
647582 4528518 356 14
647617 4528569 283 14
647544 4529021 277 20
647568 4529486 227 15
647568 4529486 280 17
647618 4529571 265 25
647806 4529781 266 19
641712 4537436 252 34
641397 4537302 242 20
641444 4537285 247 28
641478 4537337 246 33
652399 4524253 136 12
651940 4524243 120 20
651867 4524226 120 10
651581 4524448 197 3
652235 4525864 190 7
651365 4525287 279 6
652140 4526200 130 5
652376 4526437 204 8
653002 4526396 196 8
654182 4522040 57 12
654204 4521943 125 8
653926 4521493 139 10
653915 4521408 121 10
652245 4525398 181 12
652091 4525143 50 19
651693 4524975 312 12
651244 4527614 209 9
651241 4527330 226 8
651323 4527388 226 8
650940 4527092 245 13
649679 4527806 235 11
649628 4527864 223 8
649638 4527934 218 9
649045 4528795 215 10
648105 4530483 204 10
648066 4530514 188 12
641568 4537422 238 33
 
 
 
131
     
Appendix B: Joint data 
 
All dip directions are 90 degrees greater than given strike values. 
 
Easting Northing Strike Dip 
655041 4522677 270 90
654494 4522627 142 38
653193 4532746 298 75
653193 4532746 15 88
653193 4532746 310 79
653193 4532746 180 86
646254 4534085 170 75
646254 4534085 219 90
641674 4537414 315 85
641674 4537414 345 55
641569 4537425 195 90
645961 4533715 176 86
645961 4533715 210 90
645961 4533715 88 90
643957 4534405 190 90
643957 4534405 115 90
644210 4529363 88 63
644210 4529363 137 90
644210 4529363 180 90
644339 4529437 90 90
644408 4529454 60 90
654428 4523155 278 80
654428 4523155 10 90
654428 4523155 69 90
654428 4523155 140 90
654428 4523155 180 90
654094 4522225 142 30
654094 4522225 92 90
654094 4522225 0 90
654069 4522184 205 90
654069 4522184 195 90
653209 4523780 180 90
653209 4523780 95 90
653139 4523560 259 64
652940 4523218 289 47
652686 4523117 314 72
652617 4523222 150 90
652617 4523222 120 90
643672 4530284 192 90
646436 4529709 239 45
646436 4529709 114 75
647195 4529580 0 90
648700 4528005 335 75
637288 4529279 78 65
640710 4530204 60 70
640710 4530204 60 70
640710 4530204 60 75
643493 4529883 60 90
643493 4529883 80 90
643493 4529883 95 90
643493 4529883 85 90
643493 4529883 156 85
645189 4530073 86 55
646445 4530738 69 85
646445 4530738 42 85
646445 4530738 49 85
641784 4536883 342 53
641784 4536883 3 42
641828 4536921 11 47
641828 4536921 9 58
641924 4536429 273 44
641924 4536429 237 35
641924 4536429 78 45
641197 4536224 35 73
641197 4536224 166 14
640170 4535876 31 87
640170 4535876 47 70
648290 4530202 261 84
648110 4529979 93 86
648127 4530080 47 85
648103 4530086 13 86
649029 4528155 25 51
649029 4528155 0 85
649029 4528155 0 85
649029 4528155 0 85
648943 4528137 310 85
648915 4528095 30 85
647499 4528351 316 86
647499 4528351 216 90
647499 4528351 264 90
647499 4528396 120 90
647535 4528474 285 85
647582 4528518 200 90
647568 4529486 263 85
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Appendix C: Paleocurrent data 
 
All dip directions are 90 degrees greater than given strike values (right-hand rule). 
 
 
Crossbedding 
 
Formation UTM coordinates Bedding Cross-strata Rotated 
cross-strata 
 Easting Northing Strike Dip Strike Dip Strike Dip Structure 
Diamond Breaks 655047 4523994 160 15 231 22 269 22 trough 
Diamond Breaks 655075 4523851 252 2 166 15 158 15 trough 
Diamond Breaks 655058 4523746 208 5 213 32 214 27 trough 
Diamond Breaks 242 24 250 20 trough 
Diamond Breaks 655122 4523525 9 2 197 25 196 27 trough 
Diamond Breaks 655079 4523240 60 23 64 22 trough 
Diamond Breaks 655085 4522946 110 5 150 15 166 12 trough 
Diamond Breaks 130 15 139 10 trough 
Diamond Breaks 105 14 102 9 trough 
Diamond Breaks 120 35 121 30 trough 
Diamond Breaks 110 35 110 30 trough 
Diamond Breaks 655074 4522867 179 27 189 26 trough 
Diamond Breaks 325 10 314 14 trough 
Diamond Breaks 175 28 184 26 trough 
Diamond Breaks 654946 4523374 281 2 155 18 150 19 trough 
Diamond Breaks 654942 4523353 281 2 203 23 198 23 trough 
Diamond Breaks 654308 4522973 98 8 174 25 191 24 trough 
Diamond Breaks 155 15 187 13 trough 
Diamond Breaks 151 29 165 25 trough 
Diamond Breaks 156 23 175 20 trough 
Diamond Breaks 150 27 165 23 trough 
Diamond Breaks 166 31 179 29 trough 
Diamond Breaks 171 16 200 16 trough 
Diamond Breaks 75 19 60 12 trough 
Diamond Breaks 60 22 43 16 trough 
Diamond Breaks 150 26 166 22 trough 
Diamond Breaks 118 19 131 12 trough 
Diamond Breaks 139 19 160 14 trough 
Diamond Breaks 126 34 133 27 trough 
Diamond Breaks 44 19 20 16 small trough 
Diamond Breaks 36 15 4 13 small trough 
Diamond Breaks 132 20 150 14 trough 
Diamond Breaks 124 20 139 13 trough 
Diamond Breaks 127 30 136 23 trough 
Diamond Breaks 139 31 150 25 trough 
Diamond Breaks 151 18 176 15 trough 
Diamond Breaks 162 22 182 20 trough 
Diamond Breaks 129 23 143 17 trough 
Diamond Breaks 79 26 71 19 trough 
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Outlaw Trail 653002 4526396 196 8 147 28 133 23 trough 
Outlaw Trail 164 28 153 22 trough 
Outlaw Trail 166 18 147 12 trough 
Outlaw Trail 654080 4522390 119 7 6 5 326 10 small trough 
Outlaw Trail 134 16 145 9 small trough 
Outlaw Trail 252 25 261 30 trough 
Outlaw Trail 177 9 225 8 trough 
Outlaw Trail 244 32 252 36 trough 
Outlaw Trail 256 19 267 25 trough 
Outlaw Trail 248 23 259 28 trough 
Outlaw Trail 198 21 216 21 trough 
Outlaw Trail 256 25 264 30 trough 
Outlaw Trail 242 19 256 24 trough 
Outlaw Trail 170 27 183 23 trough 
Outlaw Trail 654113 4522295 99 2 190 28 194 28 trough 
Outlaw Trail 291 16 290 18 trough 
Outlaw Trail 279 27 279 29 trough 
Outlaw Trail 139 23 142 21 trough 
Outlaw Trail 144 17 149 16 trough 
Outlaw Trail 278 24 278 26 trough 
Outlaw Trail 243 18 246 20 trough 
Outlaw Trail 242 25 244 27 trough 
Outlaw Trail 203 13 211 14 trough 
Outlaw Trail 654069 4522184 136 9 176 25 193 19 trough 
Outlaw Trail 216 27 234 27 trough 
Outlaw Trail 235 20 257 23 trough 
Outlaw Trail 182 24 201 19 trough 
Outlaw Trail 205 24 226 22 trough 
Outlaw Trail 145 24 150 15 trough 
Outlaw Trail 181 22 202 17 trough 
Outlaw Trail 100 21 80 15 trough 
Outlaw Trail 8 14 349 21 trough 
Outlaw Trail 266 16 283 23 trough 
Outlaw Trail 213 24 234 24 trough 
Outlaw Trail 7E+06 4523780 228 31 199 25 102 15 trough 
Outlaw Trail 211 36 159 11 trough 
Outlaw Trail 210 27 106 10 trough 
Outlaw Trail 202 41 160 18 trough 
Outlaw Trail 652535 4525887 185 4 232 25 239 22 trough 
Outlaw Trail 652545 4525870 187 19 238 30 275 23 trough 
Outlaw Trail 220 37 243 23 trough 
Outlaw Trail 198 28 218 10 trough 
Outlaw Trail 190 30 195 11 trough 
Outlaw Trail 652376 4526437 204 8 179 29 171 22 large trough 
Outlaw Trail 182 27 174 20 large trough 
Outlaw Trail 184 9 174 20 166 11 trough 
Outlaw Trail 652204 4526551 178 11 95 14 55 17 trough 
Outlaw Trail 80 15 47 20 trough 
Outlaw Trail 100 22 73 22 trough 
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Outlaw Trail 105 22 77 21 trough 
Outlaw Trail 115 27 93 24 trough 
Outlaw Trail 140 15 94 9 trough 
Outlaw Trail 175 20 171 9 trough 
Outlaw Trail 165 25 156 14 trough 
Outlaw Trail 165 25 156 14 trough 
Outlaw Trail 150 26 133 17 trough 
Outlaw Trail 652235 4525864 190 7 168 25 160 19 trough 
Outlaw Trail 176 34 173 27 trough 
Outlaw Trail 176 22 170 15 trough 
Outlaw Trail 172 23 165 16 trough 
Outlaw Trail 171 26 165 19 trough 
Outlaw Trail 156 26 146 21 trough 
Outlaw Trail 651336 4527841 240 9 63 28 63 28 trough 
Outlaw Trail 651323 4527388 226 8 214 22 208 14 trough 
Outlaw Trail 183 25 168 20 trough 
Outlaw Trail 187 29 175 23 trough 
Outlaw Trail 174 28 160 24 trough 
Outlaw Trail 142 21 121 22 trough 
Outlaw Trail 188 39 181 33 trough 
Outlaw Trail 176 19 153 15 planar tabular 
Outlaw Trail 204 25 195 18 trough 
Outlaw Trail 651226 4527391 335 4 280 8 280 8 trough 
Outlaw Trail 175 32 175 32 planar tabular 
Outlaw Trail 85 10 85 10 small trough 
Outlaw Trail 228 8 235 32 237 24 small trough 
Outlaw Trail 258 38 264 31 small trough 
Outlaw Trail 260 32 269 26 small trough 
Outlaw Trail 225 22 223 14 trough 
Outlaw Trail 650692 4527610 232 12 305 25 332 24 planar tabular 
Outlaw Trail 310 28 333 28 planar tabular 
Outlaw Trail 315 35 332 35 planar tabular 
Outlaw Trail 270 30 288 22 planar tabular 
Outlaw Trail 325 27 347 30 planar tabular 
Outlaw Trail 240 31 245 19 planar tabular 
Outlaw Trail 263 33 277 23 planar tabular 
Outlaw Trail 650805 4527624 195 7 265 19 286 18 trough 
Outlaw Trail 651365 4525287 279 6 164 18 150 21 trough 
Outlaw Trail 650940 4527092 245 13 309 9 23 12 trough 
Outlaw Trail 177 23 145 22 large trough 
Outlaw Trail 647499 4528396 271 12 195 35 177 34 trough 
Outlaw Trail 164 15 133 22 trough 
Outlaw Trail 243 35 231 25 trough 
Outlaw Trail 234 27 213 19 trough 
Outlaw Trail 201 25 174 24 trough 
Outlaw Trail 270 24 269 12 trough 
Outlaw Trail 231 24 205 17 trough 
Outlaw Trail 192 27 168 27 trough 
Outlaw Trail 249 35 239 24 trough 
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Outlaw Trail 215 26 189 22 trough 
Outlaw Trail 223 23 193 17 trough 
Outlaw Trail 237 32 222 23 trough 
Outlaw Trail 222 30 201 24 trough 
Outlaw Trail 216 22 184 18 trough 
Outlaw Trail 653090 4526405 217 12 257 31 275 23 trough 
Outlaw Trail 170 24 142 18 trough 
Outlaw Trail 170 25 144 19 trough 
Outlaw Trail 171 24 143 18 trough 
Outlaw Trail 145 20 111 20 trough 
Outlaw Trail 145 20 111 20 trough 
Outlaw Trail 143 29 121 28 trough 
Outlaw Trail 652417 4526473 190 14 201 30 210 16 trough 
Outlaw Trail 170 30 155 17 trough 
Outlaw Trail 179 24 165 11 trough 
Outlaw Trail 200 19 225 6 trough 
Outlaw Trail 207 31 219 18 trough 
Outlaw Trail 20 7 13 21 trough 
Outlaw Trail 159 30 139 19 trough 
Outlaw Trail 182 29 175 15 trough 
Outlaw Trail 219 31 237 20 trough 
Outlaw Trail 176 19 145 6 trough 
Crouse Canyon 649807 4527834 168 13 170 24 172 11 planar tabular 
Crouse Canyon 175 35 179 22 planar tabular 
Crouse Canyon 200 30 219 20 planar tabular 
Crouse Canyon 649679 4527806 235 11 171 29 150 26 trough 
Crouse Canyon 179 19 145 16 trough 
Crouse Canyon 207 25 189 16 trough 
Crouse Canyon 207 28 192 19 trough 
Crouse Canyon 215 33 206 23 trough 
Crouse Canyon 187 30 169 24 trough 
Crouse Canyon 188 18 151 13 trough 
Crouse Canyon 213 38 206 28 trough 
Crouse Canyon 215 30 205 20 trough 
Crouse Canyon 192 17 153 12 trough 
Crouse Canyon 215 35 207 25 trough 
Crouse Canyon 197 24 174 17 trough 
Crouse Canyon 223 33 218 22 trough 
Crouse Canyon 199 33 185 25 trough 
Crouse Canyon 160 24 135 24 trough 
Crouse Canyon 201 26 182 18 trough 
Crouse Canyon 196 24 173 17 trough 
Crouse Canyon 197 17 159 11 trough 
Crouse Canyon 145 12 103 16 trough 
Crouse Canyon 119 14 92 21 trough 
Crouse Canyon 205 30 191 21 trough 
Crouse Canyon 194 24 170 17 trough 
Crouse Canyon 134 23 112 27 trough 
Crouse Canyon 205 27 189 18 trough 
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Crouse Canyon 195 28 176 21 trough 
Crouse Canyon 195 29 177 22 small trough 
Crouse Canyon 153 12 107 15 trough 
Crouse Canyon 338 13 12 19 trough 
Crouse Canyon 652982 4523346 233 6 171 35 163 33 trough 
Crouse Canyon 245 29 248 23 trough 
Crouse Canyon 202 19 190 14 trough 
Crouse Canyon 217 34 214 28 trough 
Crouse Canyon 257 34 261 29 trough 
Crouse Canyon 652898 4523156 165 9 196 33 205 26 trough 
Crouse Canyon 228 24 249 21 trough 
Crouse Canyon 236 24 257 23 trough 
Crouse Canyon 242 23 264 23 trough 
Crouse Canyon 216 25 235 20 trough 
Crouse Canyon 186 24 197 16 trough 
Crouse Canyon 652762 4523103 219 10 184 28 169 21 trough 
Crouse Canyon 292 23 316 22 trough 
Crouse Canyon 647617 4528569 283 14 169 20 144 29 trough 
Crouse Canyon 189 25 163 29 trough 
Crouse Canyon 228 25 196 20 trough 
Crouse Canyon 144 18 127 30 trough 
Crouse Canyon 158 18 135 28 trough 
Crouse Canyon 147 34 136 45 trough 
Crouse Canyon 647616 4528700 262 22 300 3 77 20 trough 
Crouse Canyon 50 3 78 25 trough 
Crouse Canyon 324 27 11 25 trough 
Crouse Canyon 345 25 262 39 232 43 planar tabular 
Crouse Canyon 239 32 211 45 trough 
Crouse Canyon 247 22 205 35 trough 
Crouse Canyon 651867 4524226 120 10 93 21 73 13 trough 
Crouse Canyon 125 27 128 17 trough 
Crouse Canyon 164 30 180 24 trough 
Crouse Canyon 123 33 124 23 trough 
Crouse Canyon 159 27 176 20 trough 
Crouse Canyon 172 33 187 28 trough 
Crouse Canyon 115 37 113 27 trough 
Crouse Canyon 127 29 130 19 trough 
Crouse Canyon 121 28 122 18 trough 
Crouse Canyon 139 31 147 22 trough 
Crouse Canyon 162 31 177 24 trough 
Crouse Canyon 651581 4524448 197 3 63 27 59 29 trough 
Crouse Canyon 146 29 141 27 trough 
Crouse Canyon 163 34 160 32 trough 
Crouse Canyon 134 21 127 20 trough 
Crouse Canyon 150 27 145 25 trough 
Crouse Canyon 124 37 120 36 trough 
Crouse Canyon 647195 4529580 251 16 160 34 138 37 trough 
Crouse Canyon 647568 4529486 227 15 300 10 76 8 trough 
Crouse Canyon 328 29 1 21 trough 
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Crouse Canyon 647618 4529571 265 25 64 25 73 49 trough 
Crouse Canyon 118 12 96 36 trough 
Crouse Canyon 78 25 81 50 trough 
Crouse Canyon 20 30 46 46 trough 
Crouse Canyon 647806 4529781 266 19 182 14 125 22 large trough 
Crouse Canyon 189 20 141 24 large trough 
Crouse Canyon 169 15 123 25 large trough 
Crouse Canyon 166 29 139 37 trough 
Crouse Canyon 185 29 152 32 large trough 
Crouse Canyon 187 17 134 23 large trough 
Crouse Canyon 102 10 92 29 trough 
Crouse Canyon 307 15 33 12 small trough 
Crouse Canyon 115 16 100 34 trough 
Crouse Canyon 648127 4530080 251 17 242 36 235 19 trough 
Crouse Canyon 214 35 191 23 trough 
Crouse Canyon 187 34 160 30 trough 
Crouse Canyon 225 42 212 28 trough 
Crouse Canyon 215 44 200 32 trough 
Crouse Canyon 218 39 200 26 trough 
Crouse Canyon 210 38 189 27 trough 
Crouse Canyon 148 18 112 27 small trough 
Crouse Canyon 153 27 125 34 trough 
Crouse Canyon 171 18 124 22 small trough 
Crouse Canyon 189 34 162 30 small trough 
Crouse Canyon 181 30 150 29 small trough 
Crouse Canyon 235 40 225 24 trough 
Crouse Canyon 212 35 188 24 trough 
Crouse Canyon 213 10 105 11 trough 
Crouse Canyon 83 5 74 22 trough 
Crouse Canyon 180 28 147 27 trough 
Crouse Canyon 204 28 169 20 trough 
Crouse Canyon 205 20 150 15 trough 
Crouse Canyon 188 29 155 26 trough 
Crouse Canyon 236 42 228 26 trough 
Crouse Canyon 222 42 208 28 trough 
Crouse Canyon 218 12 203 28 193 17 trough 
Crouse Canyon 648113 4530055 245 4 230 24 227 20 trough 
Crouse Canyon 648110 4529979 248 22 260 33 280 12 trough 
Crouse Canyon 215 42 192 26 small trough 
Crouse Canyon 242 30 227 8 trough 
Crouse Canyon 217 30 174 16 trough 
Crouse Canyon 197 28 149 22 trough 
Crouse Canyon 227 47 213 27 trough 
Crouse Canyon 214 38 185 23 trough 
Crouse Canyon 648293 4530004 231 19 206 36 185 20 trough 
Crouse Canyon 194 27 152 16 trough 
Crouse Canyon 204 35 181 20 planar tabular 
Crouse Canyon 203 35 179 20 planar tabular 
Crouse Canyon 648342 4530139 265 18 127 18 107 34 trough 
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Crouse Canyon 179 39 157 41 trough 
Crouse Canyon 217 32 186 24 small trough 
Crouse Canyon 238 60 231 44 trough 
Crouse Canyon 648066 4530514 188 12 155 17 112 9 large trough 
Crouse Canyon 170 34 162 23 trough 
Crouse Canyon 199 39 203 27 large trough 
Crouse Canyon 212 21 237 11 trough 
Crouse Canyon 645528 4530227 272 26 1 28 41 37 large trough 
Crouse Canyon 246 25 165 11 large trough 
Crouse Canyon 233 30 176 18 large trough 
Crouse Canyon 251 40 223 18 large trough 
Crouse Canyon 240 26 168 14 large trough 
Crouse Canyon 645200 4530056 283 23 338 27 29 23 trough 
Crouse Canyon 336 25 33 21 trough 
Crouse Canyon 357 16 62 24 trough 
Crouse Canyon 356 26 42 29 trough 
Crouse Canyon 644408 4529454 239 9 201 28 187 22 trough 
Crouse Canyon 189 20 164 16 trough 
Crouse Canyon 222 24 213 16 trough 
Crouse Canyon 235 33 234 24 trough 
Crouse Canyon 213 32 204 24 trough 
Crouse Canyon 645744 4526116 240 12 170 28 147 26 trough 
Crouse Canyon 120 21 100 29 trough 
Crouse Canyon 145 38 131 41 trough 
Crouse Canyon 150 25 126 28 trough 
Crouse Canyon 110 16 89 25 trough 
Crouse Canyon 95 20 83 31 trough 
Crouse Canyon 220 30 209 19 planar tabular 
Crouse Canyon 161 22 132 23 trough 
Crouse Canyon 165 38 149 36 trough 
Crouse Canyon 165 21 133 21 trough 
Crouse Canyon 122 23 103 30 planar tabular 
Crouse Canyon 180 25 153 21 planar tabular 
Crouse Canyon 175 34 157 31 planar tabular 
Crouse Canyon 640710 4530204 217 13 239 34 250 22 trough 
Crouse Canyon 244 19 282 9 trough 
Crouse Canyon 198 30 186 18 trough 
Crouse Canyon 223 35 226 22 trough 
Crouse Canyon 321 21 347 27 trough 
Crouse Canyon 199 26 183 14 trough 
Crouse Canyon 639194 4529153 95 9 169 30 185 29 trough 
Crouse Canyon 149 21 173 17 trough 
Crouse Canyon 85 21 78 12 trough 
Crouse Canyon 132 19 156 13 trough 
Crouse Canyon 346 14 320 19 trough 
Crouse Canyon 637288 4529279 173 6 200 32 205 27 trough 
Crouse Canyon 164 48 163 42 trough 
Crouse Canyon 246 45 252 44 trough 
Crouse Canyon 205 25 214 20 trough 
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Crouse Canyon 234 14 259 12 trough 
upper Crouse Canyon 646790 4533335 225 23 222 51 220 28 trough 
upper Crouse Canyon 208 50 197 29 trough 
upper Crouse Canyon 201 42 180 23 trough 
upper Crouse Canyon 214 43 203 21 trough 
upper Crouse Canyon 188 40 159 25 trough 
upper Crouse Canyon 173 37 138 28 trough 
upper Crouse Canyon 198 39 172 21 trough 
upper Crouse Canyon 646392 4533545 262 24 226 44 200 28 trough 
upper Crouse Canyon 243 42 224 21 trough 
upper Crouse Canyon 232 43 207 25 trough 
upper Crouse Canyon 227 35 188 20 trough 
upper Crouse Canyon 227 38 194 22 small trough 
upper Crouse Canyon 191 44 165 41 trough 
upper Crouse Canyon 236 39 208 20 trough 
upper Crouse Canyon 202 25 219 38 244 16 trough 
upper Crouse Canyon 642958 4534088 263 18 293 36 176 31 trough 
upper Crouse Canyon 19 20 48 32 trough 
upper Crouse Canyon 216 27 176 19 trough 
upper Crouse Canyon 261 18 80 23 81 41 trough 
upper Crouse Canyon 643957 4534405 261 27 240 43 215 20 large trough 
upper Crouse Canyon 230 33 178 16 trough 
upper Crouse Canyon 235 39 200 18 trough 
upper Crouse Canyon 242 36 205 13 trough 
upper Crouse Canyon 234 34 186 15 large trough 
upper Crouse Canyon 202 30 150 27 trough 
upper Crouse Canyon 232 42 201 22 trough 
upper Crouse Canyon 227 43 195 25 trough 
upper Crouse Canyon 245 47 229 22 trough 
upper Crouse Canyon 645550 4535003 228 34 213 19 trough 
upper Crouse Canyon 645561 4534975 230 53 202 77 201 24 trough 
upper Crouse Canyon 222 63 267 19 trough 
upper Crouse Canyon 208 73 217 20 planar tabular 
upper Crouse Canyon 200 57 170 5 trough 
upper Crouse Canyon 212 59 257 10 trough 
Hades Pass 640616 4535455 275 26 237 33 188 20 trough 
Hades Pass 261 55 252 30 trough 
Hades Pass 225 35 181 26 trough 
Hades Pass 247 53 230 32 trough 
Hades Pass 262 51 252 26 small trough 
Hades Pass 259 36 228 13 trough 
Hades Pass 235 40 199 25 trough 
Hades Pass 256 35 219 13 trough 
Hades Pass 256 40 230 17 small trough 
Hades Pass 238 39 201 23 small trough 
Hades Pass 262 40 242 16 small trough 
Hades Pass 266 39 251 14 trough 
Hades Pass 281 56 285 30 trough 
Hades Pass 281 47 287 21 trough 
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Hades Pass 287 39 238 54 201 38 small trough 
Hades Pass 288 37 240 38 176 29 small trough 
Hades Pass 269 46 220 14 small trough 
Hades Pass 268 62 248 27 small trough 
Hades Pass 640170 4535876 291 29 272 41 241 16 trough 
Hades Pass 260 41 221 21 trough 
Hades Pass 260 53 238 31 trough 
Hades Pass 253 42 215 25 trough 
Hades Pass 641514 4535795 248 41 217 59 184 29 planar tabular 
Hades Pass 199 46 148 34 planar tabular 
Hades Pass 209 43 147 26 planar tabular 
Hades Pass 640591 4536106 278 50 250 40 152 22 trough 
Hades Pass 641197 4536224 280 34 232 51 198 36 trough 
Hades Pass 258 42 211 16 trough 
Hades Pass 230 28 156 26 trough 
Hades Pass 252 36 185 16 trough 
Hades Pass 251 41 200 19 trough 
Hades Pass 247 43 200 22 trough 
Hades Pass 252 50 219 24 trough 
Hades Pass 228 39 177 31 trough 
Hades Pass 255 56 232 28 trough 
Hades Pass 641741 4536538 185 42 154 54 111 26 small trough 
Hades Pass 129 51 86 41 small trough 
Hades Pass 164 46 103 15 small trough 
Hades Pass 165 60 137 24 small trough 
Hades Pass 641828 4536921 216 26 207 34 183 9 trough 
Hades Pass 191 47 170 25 trough 
Hades Pass 189 58 175 36 trough 
Hades Pass 653193 4532746 210 11 215 40 217 29 trough 
Hades Pass 225 29 233 19 trough 
Hades Pass 205 24 201 13 trough 
Hades Pass 125 27 104 28 trough 
Hades Pass 255 12 316 9 trough 
Hades Pass 170 20 139 13 trough 
Hades Pass 220 36 224 25 trough 
Hades Pass 215 46 216 35 planar tabular 
Hades Pass 220 42 223 31 planar tabular 
Hades Pass 180 36 170 27 planar tabular 
Hades Pass 188 25 173 15 trough 
Red Pine Shale 641450 4537312 252 33 257 39 280 7 trough 
Red Pine Shale 641676 4537414 252 33 283 43 327 21 trough 
Red Pine Shale 274 41 320 15 trough 
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Ripples 
 
Formation UTM coordinates Bedding Ripples 
Rotated 
ripples  
 Easting Northing Strike Dip Trend Plunge Strike Plunge Structure 
Outlaw Trail 654494 452267 125 9 35 15 5 17 wave ripple 
Outlaw Trail 652091 4525143 50 19 209 18 219 36 wave ripple 
Outlaw Trail         220 14 226 33 wave ripple 
Outlaw Trail         215 13 224 32 wave ripple 
Outlaw Trail 651244 4527614 209 9 287 9 338 11 wave ripple 
Outlaw Trail         12 1 27 10 wave ripple 
Outlaw Trail         23 3 27 12 wave ripple 
Outlaw Trail         14 4 24 13 wave ripple 
Outlaw Trail         26 1 29 10 wave ripple 
Outlaw Trail         9 10 18 19 wave ripple 
Outlaw Trail         6 0 29 9 wave ripple 
Outlaw Trail         205 3 31 6 wave ripple 
Outlaw Trail         217 6 14 3 wave ripple 
Outlaw Trail 651163 4527577 216 8 303 7 353 10 wave ripple 
Outlaw Trail         20 5 19 3 wave ripple 
Outlaw Trail         10 18 21 25 wave ripple 
 
 
 
 
 
Clast Imbrications 
 
Formation UTM coordinates Bedding  Clasts  Rotated clasts 
 Easting Northing Strike Dip Strike Dip Strike Dip 
Hades Pass 645561 4534975 220 47 70 74 72 65
Hades Pass         20 52 24 83
Hades Pass         20 58 23 77
Hades Pass         15 59 18 77
Hades Pass         80 60 74 82
Hades Pass         55 50 51 84
Hades Pass         50 52 48 81
Hades Pass         45 45 44 88
Hades Pass         50 65 50 69
Hades Pass         50 77 52 57
Hades Pass         58 68 58 67
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Convolute Lamination Axes 
 
Formation UTM Coordinates Bedding Axes  Rotated axes 
 Northing Easting Strike Dip Trend Plunge Trend Plunge
Red Pine Shale 641568 4537422 238 33 340 34 353 66
Red Pine Shale         217 28 206 13
Red Pine Shale         218 27 207 12
Red Pine Shale         205 26 197 6
Red Pine Shale         218 20 211 6
Red Pine Shale         210 27 201 9
Red Pine Shale         205 18 21 1
Red Pine Shale         205 30 195 9
Red Pine Shale         210 15 27 2
Red Pine Shale         146 27 326 6
Red Pine Shale         206 30 196 10
Red Pine Shale         202 31 193 9
Red Pine Shale         198 30 190 7
Red Pine Shale         209 30 198 11
Red Pine Shale         200 28 192 6
Red Pine Shale         169 27 347 4
Red Pine Shale         181 22 359 6
Red Pine Shale         206 35 194 14
Red Pine Shale         170 33 166 2
Red Pine Shale         212 22 205 5
Red Pine Shale     239 37 199 27 192 4
Red Pine Shale         210 12 28 4
Red Pine Shale         197 33 188 9
Red Pine Shale         200 38 188 15
 
 
 
Parting Lineations 
 
Formation UTM coordinate Bedding Lineations Rotated lineations 
 Easting Northing Strike Dip Trend Plunge Trend Plunge 
Outlaw Trail 652417 4526473 210 8 294 10 294 2
Outlaw Trail     310 13 310 5
Outlaw Trail     312 13 312 5
Outlaw Trail     310 12 310 4
Outlaw Trail     308 9 308 1
Outlaw Trail     312 10 312 2
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Appendix D: Palynology data 
 
All palynology results were conducted by Gerald Waanders (consulting 
palynologist, Encinitas, CA).  Letters denote relative abundances of palynomorphs 
identified (A=abundant, F=frequent, R=rare). 
 
GM112007-2, Red Pine Shale, Goslin Mountain. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (A) 
Eosaccharomyes sp.      (F) 
Trachysphaeridium laminaritum    (F) 
Algal filament fragments     (A)   
 
HCl Reaction:  None 
 
  Total Organic Recovery: Poor 
 
Kerogen Content: 30% Amorphous and 70% Cuticular 
   
T.A.I:   0.8-1.0 Equivalent R0 
 
  AGE:   Middle Neoproterozoic 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
 
 
GM112007-3, Red Pine Shale, Goslin Mountain. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (R) 
Algal filament fragments     (A)   
 
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 100% Cuticular 
   
T.A.I:   0.8-1.0 Equivalent R0 
 
  AGE:   Early(?)  Neoproterozoic* 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
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GM052008-1, Red Pine Shale, Goslin Mountain. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (A) 
Eosaccharomyes sp.      (F) 
Trachysphaeridium laminaritum    (F) 
Algal filament fragments     (A) 
 
  HCl Reaction:  None 
 
  Total Organic Recovery: Poor 
 
Kerogen Content: 20% Amorphous and 80% Cuticular 
   
T.A.I:   0.8-1.0 Equivalent R0 
 
  AGE:   Middle Neoproterozoic 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
 
 
GM052008-2, Red Pine Shale, Goslin Mountain. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (A) 
Eosaccharomyes sp.      (F) 
Algal filament fragments     (A) 
   
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 30% Amorphous and 70% Cuticular 
   
T.A.I:   0.8-1.0 Equivalent R0 
 
  AGE:   Middle Neoproterozoic 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
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SC070908-1, lower Hades Pass formation, Mustang Ridge area north of Flaming 
Gorge Dam. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (A) 
Trachysphaeridium laminaritum    (F) 
Algal filament fragments     (A) 
Eosaccharomyces sp.      (R) 
Root hairs, fungal spores misc. soil contaminants  (A) 
   
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 100% Cuticular 
   
T.A.I:   0.8-1.0 Equivalent R0 
 
  AGE:   Middle Neoproterozoic 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
 
 
DJ061008-1, lower Hades Pass formation, Dutch John. 
 
  Palynomorphs: 
 
Eosaccharomyces sp.      (R) 
Leiosphaeridia spp. (smaller sized)    (Super Abundant) 
Trachysphaeridium laminaratum    (F) 
Algal filament fragments     (F)  
 
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 10% Amorphous and 90% Cuticular 
   
T.A.I:   1.0-1.3 Equivalent R0 
 
  AGE:   Middle  Neoproterozoic 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
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DJ061008-2, lower Hades Pass formation, Dutch John. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (R) 
Algal filament fragments     (R) 
Soil fungi and other contamination    (A)  
 
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 100% Cuticular 
   
T.A.I:   1.0-1.3 Equivalent R0 
 
  AGE:   Early(?)  Neoproterozoic* 
 
  ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
 
 
 
 
CB061008-1, upper Crouse Canyon formation, Cart Creek Bridge. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (R) 
Soil fungi and other contamination    (A)  
 
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 100% Cuticular 
   
T.A.I:   0.7-0.9 Equivalent R0 
 
  AGE:   Early(?)  Neoproterozoic* 
 
ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
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OT052108-1, upper Outlaw Trail formation, south of Green River. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (A) 
 
HCl Reaction:  None 
 
  Total Organic Recovery: Trace 
 
Kerogen Content: 40% Amorphous, 40% Cuticular and 20% Inertinite 
   
T.A.I:   0.7-0.9 Equivalent R0 
 
  AGE:   Early(?)  Neoproterozoic* 
 
ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
 
 
 
 
OT052707-5, lower Outlaw Trail formation, south of Green River. 
 
  Palynomorphs: 
 
Leiosphaeridia spp.      (Super Abundant) 
Algal filaments      (R) 
HCl Reaction:  None 
 
  Total Organic Recovery: Fair 
 
Kerogen Content: 20% Amorphous and 80% Cuticular 
   
T.A.I:   0.7-0.9 Equivalent R0 
 
  AGE:   Early(?)  Neoproterozoic* 
 
ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat. 
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OT052707-6, lower Outlaw Trail formation, south of Green River. 
   
Palynomorphs: 
 
Leiosphaeridia spp.      (F) 
Soil fungi and other contamination    (A)  
 
HCl Reaction:  Weak 
 
  Total Organic Recovery: Poor 
 
Kerogen Content: 50% Amorphous and 50% Cuticular 
   
T.A.I:   0.7-0.9 Equivalent R0 
 
  AGE:   Early(?)  Neoproterozoic* 
 
ENVIRONMENT: ?Nonmarine Shallow Water or Tidal Flat.
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 Appendix E: Petrographic data 
 
Sample:  SSPC-3 
Location:  652898 4523156 
Formation:  Diamond Breaks 
Facies association: FA3 
Grain size:  fU (fL to mL) 
Angularity:  subangular 
Sorting  well 
Grain boundaries: parallel to concave/convex 
 
Point compositions: 
 Qmu   66 
 Qmn   146 
 Qp   8 
 Qp >3 crystals  1 
 Fine-grained lithic 1 
 Green hornblende tr. 
 Pseudomatrix  9 
 Quartz overgrowths 45 
 Clay cement  9 
 Hematite cement 11 
 Porosity  5 
 TOTAL  300 
 
Total grains:   221 
 
Percentages: 
 Quartz (Qt)  99.5 
 Feldspar  0 
 Lithics   0.5 
 
 Quartz (Qm)  95.9 
 Feldspar  0 
 Lithics (Lt)  4.1 
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Sample:  DBDZ-1   
Location:  654942 4523353 
Formation:  Diamond Breaks 
Facies association: FA3 
Grain size:  mL (fU-mU) 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: parallel to concave/convex 
 
Point compositions: 
 Qmu   67  
 Qmn   131 
 Qp   15 
 Qp >3 crystals  3 
 Opaques  1  
 Pseudomatrix  21 
 Quartz overgrowths 45  
 Hematite cement 1 
 Porosity  22 
 TOTAL  303 
 
Total grains:   214 
 
Percentages: 
 Quartz (Qt)  99.5 
 Feldspar  0 
 Lithics   0.5 
 
 Quartz (Qm)  92.5 
 Feldspar  0 
 Lithics (total)  7.5 
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Sample:  DBDZ-2 
Location:  654946 4523374 
Formation:  Diamond Breaks 
Facies association: FA3 
Grain size:  mU (mL-cL; some vcU) 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: parallel to concave/covex 
 
Point compositions: 
 Qmu   62 
 Qmn   113 
 Qp   36 
 Qp >3 crystals  15 
 Fine-grained lithic 5 
 Low-rank MRF 3 
Heavy minerals 1 
Pseudomatrix  30 
 Quartz overgrowths 29 
 Clay cement  12 
 Hematite cement 5 
 Porosity  7 
 TOTAL  302 
 
Total grains:   219 
 
Percentages: 
 Quartz (Qt)  95.9 
 Feldspar  0 
 Lithics   4.1 
 
 Quartz (Qm)  79.5 
 Feldspar  0 
 Lithics (total)  20.5 
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Sample:  SCPC-2 
Location:  0654113 4522295 
Formation:  Diamond Breaks 
Facies association: FA3 
Grain size:  fL-vfU 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: parallel to concave/convex 
 
Point compositions: 
 Qmu   48 
 Qmn   125 
 Qp   9 
 Qp >3 crystals  2 
 K-feldspar  1 
Fine-grained lithic 3 
 Opaques  1 
Hornblende  1 
Heavy Minerals 1 
Green hornblende tr. 
Pseudomatrix  11 
 Quartz overgrowths 59 
 Clay cement  24 
 Hematite cement 14 
 Porosity  3 
 TOTAL  300 
 
Total grains:   189 
 
Percentages: 
 Quartz (Qt)  96.3 
 Feldspar  0.5 
 Lithics   3.2 
 
 Quartz (Qm)  91.5 
 Feldspar  0.5 
 Lithics (total)  8.0 
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Sample:  SCOT-1 
Location:  654494 4522627 
Formation:  Diamond Breaks 
Facies association: FA3 
Grain size:  mL to cL 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: parallel to concave/convex to sutured 
 
Point compositions: 
 Qmu   65 
 Qmn   106 
 Qp   46 
 Qp >3 crystals  24 
 K-feldspar  5 
 Plagioclase  16 
 Opaques  1 
Heavy minerals 2 
Pseudomatrix  8 
 Quartz overgrowths 27 
 Clay cement  16 
 Hematite cement 2 
 Porosity  7 
 TOTAL  301 
 
Total grains:   241 
 
Percentages: 
 Quartz (Qt)  90.1 
 Feldspar  8.7 
 Lithics   1.2 
 
 Quartz (Qm)  71.0 
 Feldspar  8.7 
 Lithics (total)  20.3 
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Sample:  SCOT-2A 
Location:  654494 4522627 
Formation:  Outlaw Trail lower fine-grained member 
Facies association: FA5 
Grain size:  mL 
Angularity:  subronuded 
Sorting:  well 
Grain boundaries: parallel to point to concave/convex 
 
Point compositions:  
 Qmu   40 
 Qmn   98 
 Qp   28 
 Qp >3 crystals  11 
 K-feldspar  19 
 Plagioclase  32 
Fine-grained lithic 4 
 Opaques  1 
Low-rank MRF 2 
Muscovite  2 
Pseudomatrix  5 
 Quartz overgrowths 58 
 Clay cement  13 
 Hematite cement 11 
 TOTAL  313 
 
Total grains:   226 
 
Percentages: 
 Quartz (Qt)  73.4 
 Feldspar  22.6 
 Lithics   4.0 
 
 Quartz (Qm)  61.0 
 Feldspar  22.6 
 Lithics (total)  16.4 
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Sample:  SCOT-3 
Location:  654494 4522627 
Formation:  Outlaw Trail lower fine-grained member 
Facies association: FA5 
Grain size:  vfL 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: mixed 
 
Point compositions:  
 Qmu   32 
 Qmn   75 
 Qp   7 
 Qp >3 crystals  1 
 K-feldspar  3 
 Plagioclase  35 
Fine-grained lithic 5 
 Opaques  1 
Muscovite  15 
Chlorite  4 
Biotite   1 
Pseudomatrix  55 
 Quartz overgrowths 23 
 Clay cement  40 
 Hematite cement 1 
 Carbonate cement 4 
 Porosity  2 
 TOTAL  303 
 
Total grains:   178 
 
Percentages: 
 Quartz (Qt)  64.0 
 Feldspar  21.4 
 Lithics   14.6 
 
 Quartz (Qm)  60.1 
 Feldspar  21.4 
 Lithics (total)  18.5 
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Sample:  SCOT-10 
Location:  654494 4522627 
Formation:  Outlaw Trail lower fine-grained member 
Facies association: FA5 
Grain size:  vfL (silt to vfU) 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: point to floating 
 
Point compositions: 
 Qmu   34 
 Qmn   53 
 Qp   5 
 Qp >3 crystals  0 
 K-feldspar  36 
 Plagioclase  21 
Fine-grained lithic 14 
 Opaques  4 
 Low-rank MRF 2 
 Muscovite  9 
 Chlorite  1 
 Biotite   9 
 Green hornblende 1 
Pseudomatrix  63 
 Quartz overgrowths 7 
 Clay cement  26 
 Hematite cement 17 
 Porosity  1 
 TOTAL  303 
 
Total grains:   189 
 
Percentages: 
 Quartz (Qt)  48.7 
 Feldspar  30.1 
 Lithics   21.2 
 
 Quartz (Qm)  46.0 
 Feldspar  30.2 
 Lithics (total)  23.8 
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Sample:  SCOT-12 
Location:  651194 4522627 
Formation:  Outlaw Trail lower fine-grained member 
Facies association: FA5 
Grain size:  mL (some fU) 
Angularity:  subrounded 
Sorting:  well 
Grain boundaries: parallel to concave/convex 
 
Point compositions: 
 Qmu   43 
 Qmn   181 
 Qp   9 
 Qp >3 crystals  1 
 K-feldspar  1 
 Plagioclase  2 
 Chert   1 
 Opaques  1 
 Green hornblende 1 
Pseudomatrix  63 
 Quartz overgrowths 7 
 Clay cement  26 
 Hematite cement 17 
 Porosity  1 
 TOTAL  303 
 
Total grains:   189 
 
Percentages: 
 Quartz (Qt)  48.7 
 Feldspar  30.1 
 Lithics   21.2 
 
 Quartz (Qm)  46.0 
 Feldspar  30.2 
 Lithics (total)  23.8 
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Sample:  NETC-1 
Location:  652545 4525870 
Formation:  Outlaw Trail middle sandstone member 
Facies association: FA4 
Grain size:  mL-mU graded to vcU 
Angulatity:  subangular to rounded 
Sorting:  moderate to poor 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   77 
 Qmn   63 
 Qp   63 
 Qp >3 crystals  51 
 K-feldspar  6 
 Plagioclase  40 
Fine-grained lithic 1 
Sandstone lithic 1 
Siltstone lithic  1 
Garnet   1 
Hornblende  1 
 Pseudomatrix  3 
 Quartz overgrowths 23 
 Clay cement  22 
 Hematite cement 4 
 TOTAL  306 
 
Total grains:   254 
 
Percentages: 
 Quartz (Qt)  79.9 
 Feldspar  18.1 
 Lithics   2.0 
 
 Quartz (Qm)  55.1 
 Feldspar  18.1 
 Lithics (total)  26.8 
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Sample:  NETC-2 
Location:  652545 4525870 
Formation:  Outlaw Trail middle sandstone member 
Facies association: FA4 
Grain size:  fU-cL 
Angulatity:  subangular   
Sorting:  moderate to poor 
Grain boundaries: sutured (with parallel to concave/convex) 
 
Point compositions: 
 Qmu   89 
 Qmn   100 
 Qp   24 
 Qp >3 crystals  19 
 K-feldspar  15 
 Plagioclase  28 
 Fine-grained lithic 1 
 Chert   1 
 Green hornblende tr. 
 Pseudomatrix  10 
 Quartz overgrowths 26 
 Clay cement  18 
 Porosity  1 
 TOTAL  313 
 
Total grains:   258 
 
Percentages: 
 Quartz (Qt)  82.5 
 Feldspar  16.7 
 Lithics   0.8 
 
 Quartz (Qm)  73.2 
 Feldspar  16.7 
 Lithics (total)  10.1 
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Sample:  STC-1 
Location:  652564 4525213 
Formation:  Outlaw Trail middle sandstone member 
Facies association: FA4 
Grain size:  mL (mL to cU) 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: point to parallel to concave/convex 
 
Point compositions: 
 Qmu   72 
 Qmn   99 
 Qp   55 
 Qp >3 crystals  35 
 Plagioclase  1 
 Fine-grained lithic 6 
 Chert   2 
 Muscovite  1 
 Heavy minerals 1  
Pseudomatrix  19 
 Quartz overgrowths 17 
 Clay cement  16 
 Hematite cement 5 
 Porosity  19 
 TOTAL  314 
 
Total grains:   238 
 
Percentages: 
 Quartz (Qt)  95.4 
 Feldspar  0.4 
 Lithics   4.2 
 
 Quartz (Qm)  72.3 
 Feldspar  0.4 
 Lithics (total)  27.3 
161
     
Sample:  STC-2 
Location:  652564 4525213 
Formation:  Outlaw Trail middle sandstone member 
Facies association: FA4 
Grain size:  fU 
Angularity:  subangular to subrounded 
Sorting:  well 
Grain boundaries: parallel to concave/convex 
 
Point compositions: 
 Qmu   53 
 Qmn   145 
 Qp   3 
 Qp >3 crystals  1 
 K-feldspar  4 
 Plagioclase  3 
 Fine-grained lithic 2 
 Heavy minerals 2 
 Pseudomatrix  23 
 Quartz overgrowths 39 
 Clay cement  18 
 Hematite cement 5 
 Porosity  12 
 TOTAL  309 
 
Total grains:   212 
 
Percentages: 
 Quartz (Qt)  94.8 
 Feldspar  3.3 
 Lithics   1.9 
 
 Quartz (Qm)  93.4 
 Feldspar  3.3 
 Lithics (total)  3.3 
162
     
Sample:  OTDZ-1 
Location:  652199 4526544 
Formation:  Outlaw Trail middle sandstone member 
Facies association: FA3 
Grain size:  fU-mL 
Angularity:  subrounded 
Sorting:  well 
Grain boundaries: point 
 
Point compositions: 
 Qmu   88 
 Qmn   147 
 Qp   10 
 Qp >3 crystals  1 
 Fine-grained lithic 2 
 Chert   1 
 Green hornblende 1 
 Pseudomatrix  4 
 Quartz overgrowths 45 
 Clay cement  3 
 Porosity  2 
 TOTAL  303 
 
Total grains:   249 
 
Percentages: 
 Quartz (Qt)  98.4 
 Feldspar  0 
 Lithics   1.6 
 
 Quartz (Qm)  94.4 
 Feldspar  0 
 Lithics (total)  5.6 
163
     
Sample:  RPC-1 
Location:  651244 4527614 
Formation:  Outlaw Trail upper fine-grained member 
Facies association: FA5 
Grain size:  vfU 
Angularity:  subangular to subround 
Sorting:  well 
Grain boundaries: point (some parallel to concave/convex)   
 
Point compositions: 
 Qmu   54 
 Qmn   114 
 Qp   4 
 Qp >3 crystals  1 
 K-feldspar  4 
 Fine-grained lithic 9 
 Opaques  1 
 Low-rank MRF 5 
 Muscovite  1 
 Green hornblende 1 
 Pseudomatrix  25 
 Quartz overgrowths 50 
 Clay cement  13 
 Hematite cement 31 
 Porosity  1 
 TOTAL  313 
 
Total grains:   193 
 
Percentages: 
 Quartz (Qt)  89.1 
 Feldspar  2.1 
 Lithics   8.8 
 
 Quartz (Qm)  87.0 
 Feldspar  2.1 
 Lithics (total)  10.9 
164
     
Sample:  GRSH-5.5 
Location:  647499 4528396 
Formation:  Outlaw Trail upper fine-grained member 
Facies association: FA5 
Grain size:  mL (some cL-vcU) 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: sutured (some mixed) 
 
Point compositions: 
 Qmu   80 
 Qmn   76 
 Qp   32 
 Qp >3 crystals  25 
 K-feldspar  38 
 Plagioclase  43 
 Pseudomatrix  5 
 Quartz overgrowths 20 
 Clay cement  9 
 Porosity  1 
 TOTAL  304 
 
Total grains:   269 
 
Percentages: 
 Quartz (Qt)  69.9 
 Feldspar  30.1 
 Lithics   0 
 
 Quartz (Qm)  58.0 
 Feldspar  30.1 
 Lithics (total)  11.9 
165
     
Sample:  GRSH-7 
Location:  647499 4528396 
Formation:  Outlaw Trail upper fine-grained member 
Facies association: FA5 
Grain size:  fU-mL (some mU-vcL) 
Angularity:  subangular 
Sorting:  poor to moderate 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   86 
 Qmn   79 
 Qp   18 
 Qp >3 crystals  12 
 K-feldspar  8 
 Plagioclase  44 
 Fine-grained lithic 7 
 Clay-coated quartz 3 
 Green hornblende tr. 
 Pseudomatrix  19 
 Quartz overgrowths 29 
 Clay cement  7 
 Porosity  4 
 TOTAL  304 
 
Total grains:   245 
 
Percentages: 
 Quartz (Qt)  75.9 
 Feldspar  21.2 
 Lithics   2.9 
 
 Quartz (Qm)  67.4 
 Feldspar  21.2 
 Lithics (total)  11.4 
166
     
Sample:  GR-4E 
Location:  647518 4528359 
Formation:  Outlaw Trail upper fine-grained member 
Facies association: FA5 
Grain size:  vfU-fL (some scattered vcU-granules) 
Angularity:  subangular to subround 
Sorting:  well to poor 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   72  
 Qmn   96  
 Qp   26 
 Qp >3 crystals  19 
 K-feldspar  3 
 Plagioclase  20 
 Fine-grained lithic 1 
 Shale rip-ups  39 
 Chert   1 
 Opaques  1 
 Green hornblende 1 
 Pseudomatrix  6 
 Quartz overgrowths 33 
 Clay cement  5 
 Hematite cement 17 
 Porosity  2 
 TOTAL  323 
 
Total grains:   260 
 
Percentages: 
 Quartz (Qt)  74.6 
 Feldspar  8.9 
 Lithics   16.5 
 
 Quartz (Qm)  64.6 
 Feldspar  8.9 
 Lithics (total)  26.5 
167
     
Sample:  GRSH-9B 
Location:  648396 4528310 
Formation:  Outlaw Trail upper fine-grained member 
Facies association: FA6 
Grain size:  mL to mixed 
Agularity:  subangular to angular 
Sorting:  poor 
Grain boundaries: point to mixed 
 
Point compositions: 
 Qmu   50 
 Qmn   35 
 Qp   17 
 Qp >3 crystals  15 
 K-feldspar  5 
 Plagioclase  32 
 Fine-grained lithic 17 
 Shale rip-ups  1 
 Chert   35 
 Opaques  1 
 Low-rank MRF 9 
 Surficial ooids  32 
 Carbonate grain 2 
 Carbonate crystal 13 
 Ooid   2 
 Muscovite  2 
 Biotite   5 
 Green hornblende 2 
 Pseudomatrix  9 
 Quartz overgrowths 10 
 Clay cement  1 
 Hematite cement 3 
 Carbonate cement 10 
 Porosity  12 
 TOTAL  305 
 
Total grains:   260 
 
Percentages: 
 Quartz (Qt)  39.2 
 Feldspar  14.2 
 Lithics   45.6 
 
 Quartz (Qm)  32.7 
 Feldspar  14.2 
 Lithics (total)  53.1 
168
     
Sample:  GRSH-10 
Location:  647541 4528413 
Formation:  Outlaw Trail upper fine-grained member 
Facies association: FA6 
Grain size:  vfU-fL 
Angularity:  angular 
Sorting:  moderate 
Grain boundaries: floating (some point) 
 
Point compositions: 
 Qmu   48 
 Qmn   47 
 Qp   12 
 Qp >3 crystals  6 
 K-feldspar  1 
 Plagioclase  50 
 Fine-grained lithic 12 
 Sandstone lithic 1 
 Siltstone lithic  2 
 Shale rip-ups  19 
 Chert   6 
 Opaques  2 
 Carbonate grain 19 
 Carbonate crystal 5 
 Muscovite  9 
 Chlorite  1 
 Biotite   1 
 Heavy minerals 1 
 Green hornblende 1 
 Pseudomatrix  1 
 Quartz overgrowths 4 
 Carbonate cement 60 
 Porosity  3 
 TOTAL  305 
 
Total grains:   237 
 
Percentages: 
 Quartz (Qt)  45.2 
 Feldspar  21.5 
 Lithics   33.3 
 
 Quartz (Qm)  40.1 
 Feldspar  21.5 
 Lithics (total)  38.4 
169
     
Sample:  SC-2 
Location:  653915 4521408 
Formation:  Crouse Canyon 
Facies association: FA3 
Grain size:  fL 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   107 
 Qmn   83 
 Qp   10 
 Qp >3 crystals  4 
 K-feldspar  8 
 Plagioclase  12 
 Fine-grained lithic 5 
 Hornblende  1 
 Low-rank MRF 1 
 Muscovite  2 
 Pseudomatrix  22 
 Quartz overgrowths 19 
 Clay cement  4 
 Hematite cement 20 
 Porosity  10 
 TOTAL  304 
 
Total grains:   229 
 
Percentages: 
 Quartz (Qt)  87.3 
 Feldspar  8.7 
 Lithics   4.0 
 
 Quartz (Qm)  83.0 
 Feldspar  8.7 
 Lithics (total)  8.3 
170
     
Sample:  RC-3 
Location:  651323 4527388 
Formation:  Crouse Canyon 
Facies association: FA3 
Grain size:  mU-cL 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: concave/convex to mixed 
 
Point compositions: 
 Qmu   125 
 Qmn   82 
 Qp   40 
 Qp >3 crystals  23 
 K-feldspar  4 
 Plagioclase  7 
 Fine-grained lithic 1 
 Opaques  2 
 Pseudomatrix  9 
 Quartz overgrowths 20 
 Clay cement  5 
 Hematite cement 1 
 Porosity  8 
 TOTAL  304 
 
Total grains:   261 
 
Percentages: 
 Quartz (Qt)  94.7 
 Feldspar  4.2 
 Lithics   1.1 
 
 Quartz (Qm)  79.3 
 Feldspar  4.2 
 Lithics (total)  16.5 
171
     
Sample:  RCS-3 
Location:  648113 4530055 
Formation:  Crouse Canyon 
Facies association: FA3 
Grain size:  fL-fU 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: point to concave/convex 
 
Point compositions: 
 Qmu   108 
 Qmn   121 
 Qp   8 
 Qp >3 crystals  4 
 K-feldspar  2 
 Plagioclase  2 
 Fine-grained lithic 4 
 Chert   3 
 Hornblende  2 
 Pseudomatrix  13 
 Quartz overgrowths 36 
 Clay cement  12 
 Hematite cement 7 
 TOTAL  318 
 
Total grains:   250 
 
Percentages: 
 Quartz (Qt)  94.8 
 Feldspar  1.6 
 Lithics   3.6 
 
 Quartz (Qm)  91.6 
 Feldspar  1.6 
 Lithics (total)  6.8 
172
     
Sample:  RCS-1 
Location:  648113 4530055 
Formation:  Crouse Canyon 
Facies association: FA3 
Grain size:  mL-mU 
Angularity:  rounded 
Sorting:  well 
Grain boundaries: cocave/convex to point (some parallel) 
 
Point compositions: 
 Qmu   112 
 Qmn   119 
 Qp   22 
 Qp >3 crystals  14 
 K-feldspar  4 
 Plagioclase  14 
 Fine-grained lithic 1 
 Pseudomatrix  2 
 Quartz overgrowths 18 
 Clay cement  9 
 Porosity  5 
 TOTAL  306 
 
Total grains:   272 
 
Percentages: 
 Quartz (Qt)  93.0 
 Feldspar  6.6 
 Lithics   0.4 
 
 Quartz (Qm)  84.9 
 Feldspar  6.6 
 Lithics (total)  8.5 
173
     
Sample:  CCDZ-2 
Location:  648113 4530055 
Formation:  Crouse Canyon 
Facies association: FA3 
Grain size:  mL 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   127 
 Qmn   122 
 Qp   9 
 Qp >3 crystals  1 
 K-feldspar  1 
 Plagioclase  11 
 Fine-grained lithic 1 
 Opaques  1 
 Low-rank MRF 1 
 Muscovite  1 
 Pseudomatrix  1 
 Quartz overgrowths 29 
 Clay cement  1 
 Hematite cement 6 
 Porosity  1 
 TOTAL  312 
 
Total grains:   274 
 
Percentages: 
 Quartz (Qt)  94.2 
 Feldspar  4.4 
 Lithics   1.4 
 
 Quartz (Qm)  90.9 
 Feldspar  4.4 
 Lithics (total)  4.7 
174
     
Sample:  RCS-2 
Location:  648113 4530055 
Formation:  Crouse Canyon 
Facies association: FA3 
Grain size:  fU-mL 
Angularity:  subangular to subrounded 
Sorting:  well 
Grain boundaries: concave/convex 
 
Point compositions: 
 Qmu   125 
 Qmn   127 
 Qp   9 
 Qp >3 crystals  4 
 Plagioclase  2 
 Chert   2 
 Opaques  1  
 Pseudomatrix  7 
 Quartz overgrowths 24 
 Clay cement  3 
 Hematite cement 7 
 Porosity  5 
 TOTAL  312 
 
Total grains:   266 
 
Percentages: 
 Quartz (Qt)  98.1 
 Feldspar  0.8 
 Lithics   1.1 
 
 Quartz (Qm)  94.7 
 Feldspar  0.8 
 Lithics (total)  4.5 
175
     
Sample:  CCDZ-1 
Location:  645550 4535003 
Formation:  Hades Pass 
Facies association: FA2 
Grain size:  mU-cL 
Angularity:  subround 
Sorting:  well 
Grain boundaries: concave/convex to mixed 
 
Point compositions: 
 Qmu   104 
 Qmn   109 
 Qp   40 
 Qp >3 crystals  29 
 K-feldspar  3 
 Plagioclase  5  
 Pseudomatrix  9 
 Quartz overgrowths 22 
 Porosity  13 
 TOTAL  305 
 
Total grains:   261 
 
Percentages: 
 Quartz (Qt)  96.9 
 Feldspar  3.1 
 Lithics   0 
 
 Quartz (Qm)  81.6 
 Feldspar  3.1 
 Lithics (total)  15.3 
176
     
Sample:  GM-14B 
Location:  642872 4534179 
Formation:  Hades Pass 
Facies association: FA2 
Grain size:  cL-vcU 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   107 
 Qmn   20 
 Qp   111 
 Qp >3 crystals  92 
 K-feldspar  8 
 Sandstone lithic 5  
 Pseudomatrix  13 
 Quartz overgrowths 15 
 Hematite cement 7 
 Porosity  17 
 TOTAL  303 
 
Total grains:   251 
 
Percentages: 
 Quartz (Qt)  94.8 
 Feldspar  3.2 
 Lithics   2.0 
 
 Quartz (Qm)  50.6 
 Feldspar  3.2 
 Lithics (total)  46.2 
177
     
Sample:  GM-6 
Location:  641828 4536921 
Formation:  Hades Pass 
Facies association: FA2 
Grain size:  mL-cU 
Angularity:  subangular to subround 
Sorting:  moderate 
Grain boundaries: concave/convex 
 
Point compositions: 
 Qmu   114 
 Qmn   93 
 Qp   37 
 Qp >3 crystals  15 
 K-feldspar  7 
 Chert   2 
 Pseudomatrix  15 
 Quartz overgrowths 10 
 Hematite cement 7 
 Porosity  18 
 TOTAL  303 
 
Total grains:   253 
 
Percentages: 
 Quartz (Qt)  96.4 
 Feldspar  2.8 
 Lithics   0.8 
 
 Quartz (Qm)  81.8 
 Feldspar  2.8 
 Lithics (total)  15.4 
178
     
Sample:  GM-11 
Location:  640170 4535876 
Formation:  Hades Pass 
Facies association: FA2 
Grain size:  fU-mL 
Angularity:  subangular 
Sorting:  well 
Grain boundaries: parallel to concave/convex 
 
Point compositions: 
 Qmu   107 
 Qmn   111 
 Qp   25 
 Qp >3 crystals  13 
 Plagioclase  3 
 Fine-grained lithic 4 
 Chert   3 
 Garnet   2 
 Pseudomatrix  13 
 Quartz overgrowths 23 
 Clay cement  3 
 Hematite cement 5 
 Porosity  11 
 TOTAL  310 
 
Total grains:   255 
 
Percentages: 
 Quartz (Qt)  95.3 
 Feldspar  1.2 
 Lithics   3.5 
 
 Quartz (Qm)  85.5 
 Feldspar  1.2 
 Lithics (total)  13.3 
179
     
Sample:  GMSH-1 
Location:  641444 4537285 
Formation:  Red Pine Shale 
Facies association: FA6 
Grain size:  fL-fU (some scattered mL-cU) 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   111 
 Qmn   4 
 Qp   84 
 Qp >3 crystals  68 
 K-feldspar  1 
 Plagioclase  26 
 Muscovite  1 
 Green hornblende 1  
 Pseudomatrix  27 
 Quartz overgrowths 24 
 Hematite cement 1 
 Porosity  23 
 TOTAL  303 
 
Total grains:   228 
 
Percentages: 
 Quartz (Qt)  87.3 
 Feldspar  11.8 
 Lithics   0.9 
 
 Quartz (Qm)  50.4 
 Feldspar  11.9 
 Lithics (total)  37.7 
180
     
Sample:  GMSH-3 
Location:  641471 4537327 
Formation:  Red Pine Shale 
Facies association: FA6 
Grain size:  fL-cU 
Angularity:  subangular 
Sorting:  poor 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   112 
 Qmn   22 
 Qp   57 
 Qp >3 crystals  38 
 K-feldspar  2 
 Plagioclase  9 
 Sandstone lithic 1 
 Siltstone lithic  4 
 Chert   3 
 Opaques  1 
 Muscovite  1 
 Pseudomatrix  4 
 Quartz overgrowths 27 
 Hematite cement 43 
 Porosity  20 
 TOTAL  306 
 
Total grains:   212 
 
Percentages: 
 Quartz (Qt)  90.1 
 Feldspar  5.2 
 Lithics   4.7 
 
 Quartz (Qm)  63.2 
 Feldspar  5.2 
 Lithics (total)  31.6 
 
181
     
Sample:  GMSH-5 
Location:  641478 4537337 
Formation:  Red Pine Shale 
Facies association: FA5 
Grain size:  fU 
Angularity:  subround to subangular 
Sorting:  well 
Grain boundaries: mixed 
 
Point compositions: 
 Qmu   136 
 Qmn   55 
 Qp   4 
 Qp >3 crystals  1 
 K-feldspar  1 
 Plagioclase  7 
 Fine-grained lithic 3 
 Chert   1 
 Muscovite  1 
 Chlorite  1 
 Green hornblende 1 
 Pseudomatrix  51 
 Quartz overgrowths 20 
 Clay cement  18 
 Porosity  3 
 TOTAL  302 
 
Total grains:   210 
 
Percentages: 
 Quartz (Qt)  92.9 
 Feldspar  3.8 
 Lithics   3.3 
 
 Quartz (Qm)  91.0 
 Feldspar  3.8 
 Lithics (total)  5.2 
182
     
Sample:  GMSH-6 
Location:  641478 4537337 
Formation:  Red Pine Shale 
Facies association: FA5 
Grain size:  fU 
Angularity:  subround to subangular 
Sorting:  well 
Grain boundaries: parallel to concave/convex (some sutured) 
 
Point compositions: 
 Qmu   141 
 Qmn   64 
 Qp   6 
 Qp >3 crystals  1 
 K-feldspar  1 
 Plagioclase  8 
 Fine-grained lithic 2 
 Siltstone lithic  2 
 Opaques  1 
 Low-rank MRF 1 
 Green hornblende 1 
 Pseudomatrix  18 
 Quartz overgrowths 45 
 Clay cement  2 
 Hematite cement 9 
 Porosity  1 
 TOTAL  302 
 
Total grains:   227 
 
Percentages: 
 Quartz (Qt)  92.9 
 Feldspar  4.0 
 Lithics   3.1 
 
 Quartz (Qm)  90.3 
 Feldspar  4.0 
 Lithics (total)  5.7 
183
     
Sample:  GMSH-7 
Location:  vfL 
Formation:  Red Pine Shale 
Facies association: FA5 
Grain size:  vfL 
Angularity:  subangular 
Sorting:  moderate 
Grain boundaries: point to mixed 
 
Point compositions: 
 Qmu   107 
 Qmn   35 
 Qp   3 
 Qp >3 crystals  0 
 K-feldspar  4 
 Plagioclase  19 
 Fine-grained lithic 1 
 Chert   2 
 Muscovite  2 
 Chlorite  6 
 Green hornblende 1 
 Pseudomatrix  36 
 Quartz overgrowths 57 
 Clay cement  32 
 Hematite cement 2 
 Porosity  3 
 TOTAL  310 
 
Total grains:   180 
 
Percentages: 
 Quartz (Qt)  80.5 
 Feldspar  12.8 
 Lithics   6.7 
 
 Quartz (Qm)  78.9 
 Feldspar  12.8 
 Lithics (total)  8.3 
184
     
Sample:  GM-1B 
Location:  641674 4537414 
Formation:  Red Pine Shale 
Facies association: FA5 
Grain size:  vfL-fU (some mL-cU) 
Angularity:  subangular to angular 
Sorting:  well to poor 
Grain boundaries: parallel to concave/convex (some sutured) 
 
Point compositions: 
 Qmu   122 
 Qmn   52 
 Qp   17 
 Qp >3 crystals  15 
 K-feldspar  1 
 Plagioclase  8 
 Fine-grained lithic 3 
 Sandstone lithic 2 
 Siltstone lithic  9 
 Shale rip-up  1 
 Chert   1 
 Opaques  5 
 Muscovite  9 
 Green hornblende 2 
 Pseudomatrix  29 
 Quartz overgrowths 27 
 Hematite cement 16 
 Porosity  3 
 TOTAL  307 
 
Total grains:   232 
 
Percentages: 
 Quartz (Qt)  82.3 
 Feldspar  3.9 
 Lithics   13.8 
 
 Quartz (Qm)  75.0 
 Feldspar  3.9 
 Lithics (total)  21.1 
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